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ABSTRACT 
  
Synthetic biology is a research field that involves the design and synthesis of genes 
and genomes. It has a wide range of applications in building gene circuits, activating 
biochemical pathways and metabolic engineering. Over the last decade, there has been rapid 
progress in developing efficient DNA synthesis technologies that improve the overall quality 
of the constructed DNA. Currently, there are several different methods available for 
successful DNA assembly of long genes. However, these methods have certain drawbacks 
such as presence of restriction sites (scars) within the assembled sequences or multi-step 
reaction process to assemble a high-number of fragments. Thus, new DNA assembly 
methods are applied in this work that overcome these challenges. 
 This thesis discusses an overview of current advancements in synthetic 
biology with a focus on DNA assembly design tools, methods and applications. A 
computational tool is presented that helps in the rational design of DNA fragments based on 
thermodynamic analysis. The designed DNA fragments can be assembled using different 
techniques such as modified Gibson Assembly and no-erosion ligation based assembly 
method. The software predictions are validated for assembly of a high-number of DNA 
fragments using the two methods for a few genes.  In addition, a collaborative bioinformatics 
project that reveals functional changes among scallop opsins after gene duplication events 
based on protein structure modeling is also part of this work. 
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CHAPTER 1: INTRODUCTION 
To-be submitted review article 
 
 
Synthetic biology is a research field involving genes and genomes that are artificially 
designed, constructed and transformed into living cells [1]. In recent years, there has been 
significant development in the technologies used to construct larger parts of DNA from smaller 
fragments. The direct synthesis approach is preferable even for naturally occurring genes that can 
be cloned using recombinant DNA technologies, because it is often more efficient, reliable and 
flexible to synthesize genes rather than to clone them. Also, many genes may be suboptimal for 
cloning due to problems such as high G+C content, codon bias and complex intron/exon 
structures. Thus, the gene synthesis approach is more practical where the protein coding 
sequences can be optimized for the selected expression system.  
Bioinformatics is an interdisciplinary field that involves developing and utilizing 
software tools to analyze and interpret biological data. Computational tools can be used to design 
experiments and predict results successfully in silico that can be further validated using wet 
laboratory experiments, if necessary. Bioinformatics techniques are applied to analyze both 
nucleotide and protein sequences.  
Synthetic biology design tools are developed using parameters such as calculation of 
certain properties of nucleotide sequences such as GC content, tendency to form secondary 
structures, homogenous melting temperatures of overlaps etc. Similarly, various tools have also 
been developed that can model tertiary protein structures from amino acid sequences as well as 
assess the quality of those structures and the feasibility of their existence in vivo. Using such 
analyses methods, it is possible to identify particular amino acid residues that interact with 
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external stimuli. Certain conserved sequence and structural motifs present in evolutionarily 
related organisms can be identified using these tools as well. 
Among the oldest methods for gene assembly is the FokI method, in which gene 
fragments are inserted into a plasmid by transforming E.coli with a denatured mixture of the 
linearized plasmid DNA and oligo. The oligonucleotide contains the insert sequence flanked by 
two 15-nt arms that are complementary to sequences near the cleavage site used to linearize the 
plasmid. The repair of the gap occurs in vivo after transformation. The inserted gene fragments 
are cloned between two FokI sites in the vector. Subsequent digestion of plasmid with FokI 
results in gene fragments with unique 4-nt protruding ends as the enzyme cleaves single strands 
of duplex DNA at 9 and 13 nt away for its recognition sequence. This uniqueness of ends allows 
for ordered ligation of several fragments to obtain the desired gene [2]. The major drawback of 
this method is that the assembly process is dependent on restriction sites and occurs in vivo.  
There has been significant development in the techniques used for DNA assembly since 
the FokI method. These include restriction digestion based methods, overlapping sequence based 
methods, in vivo homologous recombination based and ligation based methods. DNA assembly 
has a wide range of applications such as construction and engineering of metabolic pathways to 
produce desired proteins, chemicals and biofuels. Moreover, to investigate a greater range of 
combinations or designs, DNA assembly will most likely be performed in large scales via 
automation. High-throughput DNA assembly requires robust and standardized protocols, which 
necessitates improvements in assembly methods for higher efficiency, fidelity, and modularity. 
This review focuses on the current DNA assembly methods, their advantages and 
practical usefulness as well as their limitations and applications. 
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1.1 DNA Assembly Methods 
Restriction digestion based methods 
One of the noteworthy advances in DNA assembly methods is the BioBrickTM assembly 
that involves engineering of any biological parts that encode a definable biological function 
using BioBrick vectors. BioBrick is a DNA unit with standardized flanking sequences that can 
be assembled in different combinations. The flanking sequences are EcoRI and XbaI restriction 
sites in the upstream end and SpeI and PstI restriction sites in the downstream end. XbaI and 
SpeI are isocaudamers that generate two compatible sticky ends. After ligation, the 8-bp scar 
sequence that is different from both original sites is generated that cannot be cut in subsequent 
digestions with XbaI or SpeI. On the other end of the inserted fragment, EcoRI is restored, while 
a new XbaI site is introduced. Hence, the insertion can be repeated but results in a scar sequence 
at every junction. This scar hampers its application in protein fusion as it creates frameshifts and 
premature stop codons [3], [4]. More recently, a modified method called BglBrick addressed 
some key problems associated with the BioBrick method. The DNA parts are flanked by 
restriction sites of more efficient and methylation insensitive enzymes: BglII and BamHI. The 6-
bp scar sequence (GGATCT) encodes glycine-serine so that it is also suitable for protein fusion 
applications [5]. 
Both these approaches require a sequential process with a very low number of parts that 
can be joined together in one reaction. Such an assembly is not versatile and cannot 
accommodate any type of DNA sequence. Another limitation is that it relies on cloning, 
assembly, and propagation of synthesized DNA in E. coli. Thus, it is not easy to synthesize DNA 
for parts whose function is incompatible with growth and replication of E. coli [6]. 
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The Golden Gate method [6], [7] relies on type IIs restriction enzymes, which are able to 
cleave DNA outside of their recognition site and produce an overhang of four arbitrary 
nucleotides (using BsaI). When designed properly, two digested fragments can be ligated to 
generate a product lacking the original restriction sites. This method also allows restriction 
digestion and ligation cycling in a one pot reaction at 37◦C and 16◦C, which can greatly increase 
the efficiency, driving the reaction to completion. It is not suitable to assemble long DNA 
constructs due to the lack of unique restriction enzymes.  
Another method termed methylation-assisted tailorable ends rational (MASTER) uses 
endonuclease MspJI which specifically recognizes methylated 4-bp sites, mCNNR (R = A or G), 
and generates a 4-bp arbitrary overhang like type IIs endonucleases [8]. As it avoids cuts on 
corresponding type IIs sites within the fragments as in the Golden Gate method, the MASTER 
method is more suitable for assembling large DNA constructs. However, the requirement of 
expensive methylated primers and PCR amplification of parts which may introduce errors for 
long parts are major drawbacks that limit the usability of this technique. Although restriction 
enzyme-based methods are able to assemble multiple DNA parts into relatively large constructs, 
all DNA parts are required to be free of the restriction sites used in the assembly. Furthermore, 
restriction enzyme-based methods rely on annealing of short sticky ends that restrict the number 
of parts that can be assembled in a single reaction due to their limited affinity and specificity. 
Ligation based methods 
Ligation based assembly methods were some of the earliest ones to have been 
successfully used to construct genes [9]–[12]. The number of oligonucleotides or dsDNA 
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fragments that can be used to ligate and synthesize a gene in a single step are often very few. 
Hence, it is a tedious and time-consuming task to assemble longer genes using ligation. 
The ligase cycling reaction assembly employs single-stranded bridging oligonucleotides 
that are complementary to the ends of neighboring DNA strands, joined using a thermostable 
ligase and multiple denaturation-annealing-ligation temperature cycles to accomplish assembly 
of DNA constructs. This method has been used to assemble up to 20 DNA parts predicted by a 
computer-aided design using an optimized protocol [13]. 
In vivo homologous recombination based methods 
Multiple DNA fragments have been successfully used to assemble large vectors and a 
complete genome using recombination in yeast [14], [15]. Homologous recombination is a 
natural occurrence in Saccharomyces cerevisiae with high efficiency and fidelity. This 
phenomenon has been exploited by Gibson et al to assemble 25 DNA parts to construct the 
Mycoplasma genitalium genome. Shao et al used the DNA assembler approach to transform 
seven pathway fragments of 4 – 5 kb along with three helper fragments into S. cerevisiae to 
construct a biosynthetic pathway [16]. 
Similarly, DNA assembly was also performed in other organisms such as Bacillus subtilis 
[17], [18] and certain plants like maize [19]. 
Overlapping sequence based methods 
There are some in vitro DNA assembly methods that do not rely on restriction sites for 
assembly. They utilize overlapping parts in the DNA sequences for joining and thus, they can be 
used to construct full-length sequences without the presence of scars. One of the most popular 
methods is gene splicing using overlap extension PCR (OE-PCR). Each fragment of the gene is 
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generated using PCR, using primers that are designed such that the PCR products contain 
complementary sequences. In the second PCR reaction, the 3’ end overlaps of these PCR 
products act as primers for each other. DNA polymerase extends this overlap such that the 
original fragments splice together forming a recombinant DNA product [20]. Many variations of 
the PCR based assembly methods have been applied to successfully assemble long DNA 
sequences. 
Multiple fusion is a modified OE-PCR approach that has successfully been used to fuse 
up to 4 long DNA fragments to form synthetic products of 10.8 kb length [21]. A combination of 
dual asymmetric PCR and OE-PCR was used by Young and Dong to assemble genes up to 1195 
bp length from very short primers of 25 bp [22]. Xiong et al used a PCR based two-step DNA 
synthesis (PTDS) method to assemble genes up to 5 kb in length with an error rate of 2.2 bp/kb 
[23].  
A well-known design program for oligonucleotides in overlap extension PCR is 
DNAWorks. This program takes protein sequences with any desired flanking sequences as input 
and creates a set of oligonucleotides with homogenous melting temperatures. This method has 
been used to assemble genes of length 139 bp – 1042 bp with the error rate determined to be 1.8 
errors per kilobase of sequenced synthetic gene product. The errors were found to be 
predominantly deletions or mismatches [24]. In spite of its wide utility, overlap extension PCR is 
a multi-step approach that requires about a week to assemble a 2 kb gene from initial 60-bp 
oligonucleotides [23].  
SLIC (sequence and ligation-independent cloning) is another method in which multiple 
DNA fragments are assembled together in a single reaction using in vitro recombination and 
single-strand annealing. It has been used to assemble up to 10 DNA fragments with a 20% 
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success rate [25]. In this approach, the 3’ ends of the linearized vector and the overlap regions of 
the inserts are chewed back by T4 DNA polymerase in the absence of dNTPs and left as single 
stranded. Subsequently, the RecA protein and ATP are used to promote recombination before 
being used to transform E. coli. The gaps are also fixed by host E. coli in vivo. A follow up 
method called SLiCE (Seamless Ligation Cloning Extract) uses inexpensive E. coli cell extracts 
to drive overlapping sequence-mediated DNA assembly, which significantly reduces the cost. A 
disadvantage of this strategy is that the length of single-strand overlaps is not very controllable 
during the chew-back reaction.  
The relatively recent Gibson assembly method [26], [27] utilizes T5 exonuclease to chew 
back the 5’ ends to generate single-stranded complementary overhangs which are joined together 
covalently by DNA polymerase and Taq DNA ligase. In a one-step isothermal in vitro reaction at 
50 ◦C, the fragments can be assembled into a single circular DNA molecule. Similarly, another 
method termed nicking endonucleases for ligation independent cloning (NE-LIC), utilizes 
nicking endonucleases (NEases) to generate overhangs of controlled lengths, although the NEase 
recognition sites are left as a scar [28].  
1.2 Design Tools 
The availability of these DNA assembly methods has created a need for automated design 
software programs to obtain the optimum fragment set can be assembled successfully. As 
discussed earlier, DNAWorks [24] is a program that aids in designing oligonucleotides for PCR-
based assembly methods. The program requires the amino acid or nucleotide sequence of the 
target protein/gene as input. Algorithms used to calculate melting temperatures of 
oligonucleotides are based on the nearest-neighbor model. It then outputs a series of 
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oligonucleotide sequences with codons optimized for expression in the selected organism. The 
oligonucleotide set is characterized by highly homogenous melting temperatures and minimum 
tendency for hairpin formation. 
j5 DNA assembly design software is a web-based tool developed by the Joint BioEnergy 
Institute that can help process thousands of assemblies and generate the primer sequences for a 
number of commonly used assembly methods [29]. This software implements 5 algorithms to 
optimize cost, enforce design-specific rules such as flanking homology sequences, hierarchical 
assembly strategies to reduce assembly errors and allow for manual or automated instructions to 
form scar-less assemblies. The program can be linked to direct automation of assembly by liquid 
handling robots. 
A recently developed software tool assists in the design of an optimum DNA fragment set 
for assembly using the Gibson method. PICKY is a whole-genome thermodynamic analysis 
software commercially available but a version of it is free for the public [30], [31]. It can 
efficiently compare all sequences of a large gene set and identify thermodynamically unique 
regions. These unique regions are used to design specific junctions where the target gene 
sequence is split to give the dsDNA fragment set for assembly. Using this tool, up to 45 dsDNA 
fragments have been assembled into a 1.2 kb gene in a single reaction [32]. 
1.3 Commercial Kits and Automation of DNA Assembly Technologies 
The variety of DNA Assembly methods and significant advancement in this field in the 
last decade has led to the availability of commercial kits that can be used by independent 
researchers to construct desired sequence with ease. These universal kits allow researchers to 
obtain desired genes without calibration of the assembly protocol to fit their gene sequences. 
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New England Biolabs (NEB) Gibson Assembly Cloning Kit and NEBuilder HiFi DNA 
Assembly Cloning Kit (with a high-fidelity DNA polymerase) are based on the principle of 
Gibson Assembly that can be used to assemble up to 6 overlapping fragments of varied sizes in a 
single reaction with high efficiency. CloneTech’s In Fusion HD Cloning kit also relies on the 5’ 
exonuclease to generate single-stranded overlaps for assembly and has been shown to 
directionally clone up to 5 overlapping inserts at once.  
Thermo Fisher Scientific provides different gene assembly kits based on various 
methods: The GeneArt type IIs Assembly allows seamless assembly of upto 8 DNA fragments 
plus recipient vector based on the Golden Gate cloning method. The GeneArt Gene Synthesis Kit 
relies on polymerase cycling assembly of synthetic oligonucleotides into the desired DNA 
sequence. This kit comes with the CorrectASE enzyme that removes the majority of deletion and 
frameshift mutations introduced in the assembled DNA sequence. The GeneArt Seamless 
Cloning and Assembly Kit allows the in vitro assembly of up to 4 DNA fragments into any 
vector totaling up to 13 kb in length. Lastly, the GeneArt High-order Genetic Assembly Kit uses 
homologous recombination in yeast for simultaneous and seamless assembly of up to 10 DNA 
fragments and any vector totaling 110 kb in length. DNA fragments and linearized vector are 
joined based on shared end-terminal homology. If no such end homology exists between pieces, 
they can be “stitched" together with recombination linkers, synthetic DNA oligonucleotides that 
provide end-terminal homology between two unrelated DNA fragments. 
As synthetic biology progresses, the future lies in automation of gene synthesis 
technologies. Synthetic Genomics has developed the BioXp 3200 system which is an automated 
genomic workstation that builds and clones DNA fragments. In an overnight run, the instrument 
generates cloned DNA from custom-designed oligonucleotide pools and reagents engineered 
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from sequence information [33]. It has a capacity to subsequently assemble 32 genes of 400 bp 
to 1.8 kb length including one positive control.  
1.4 Applications of DNA Assembly 
There are many areas in which synthetic biology technologies are being applied 
successfully.  
The construction of genomes is an excellent demonstration of the applicability of DNA 
assembly. The J. Craig Venter Institute synthesized a 583 kb Mycoplasma genitalium genome by 
a combination of in vitro enzymatic and in vivo homologous recombination-based methods [34]. 
In the early stage, in vitro recombination method was utilized to assemble 25 DNA cassettes with 
an average length of 24 kb to eight 72 kb assemblies and subsequently assembled into four 144 
kb assemblies. It was found that the efficiency of in vitro procedure declined as the assemblies 
became larger and the half-genome in size of 290 kb each was unable to be assembled. Therefore 
the in vivo S. cerevisiae recombination method was exploited to complete the final whole 
genome assembly. It was also demonstrated that it is possible to directly assemble 25 DNA 
cassettes from the earliest stages into a complete genome in a single step by in vivo 
recombination in S. cerevisiae [14]. Gibson et al chemically synthesized a M. mycoides genome 
transplanted into M. capricolum cell to create new cells that exhibited in silico designed 
phenotypic properties and are capable of self-replication [35]. The 16.3 kb mouse mitochondrial 
genome was also assembled via in vitro isothermal recombination method from 600 DNA pieces 
with 60 bp overlaps [27]. Further advancement in genome construction was seen when a fully 
functional designer S. cerevisiae chromosome was synthesized [36].  
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Very recently, a minimal bacterial genome was designed and synthesized hierarchically from 
overlapping oligonucleotides [37].  
Another important application of DNA assembly methods is the design and 
characterization of gene circuits that can help researchers understand intracellular and 
intercellular regulatory machineries [38]. These circuits are important in understanding the 
relationship between structure and function of genes as well as expression and regulation of 
transcription factors. The Gibson assembly method allows one-pot assembly of multiple parts of 
DNA regardless of restriction sites. Using synthetic linkers, hierarchical isothermal assembly of 
complex gene circuits of up to 33 DNA parts was made possible [39], [40].  
A third application is to discover novel natural products. Based on the DNA Assembler 
approach, a silent biosynthetic pathway was refactored using a plug-and-play scaffold and a set 
of heterologous promoters that are functional in a heterologous host under the target culturing 
condition [41]. Natural product biosynthesis is highly regulated and remains silent until certain 
conditions are met. Based on the modular design engineering principle, the scaffold consists of 
three modules – promoter, regulator and helpers. The refactoring strategy includes selection of a 
single heterologous host, identification of a set of strong promoters under a target culture 
condition followed by assembly of individual biosynthetic genes with these promoters into a new 
gene cluster, and expression of the refactored gene cluster in the heterologous host under the 
target culture condition. With this strategy, a silent spectinabilin pathway from Streptomyces 
orinoci was successfully activated.  
Similarly, a cryptic polycyclic tetramate macrolactams (PTMs) biosynthetic gene cluster 
from Streptomyces griseus was successfully activated and three new PTMs were discovered 
[42]. This gene cluster is highly conserved in phylogenetically diverse bacterial strains and 
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contains an unusual hybrid polyketide synthase-nonribosomal peptide synthetase. To 
characterize this gene cluster, a series of gene deletion constructs was created and the 
biosynthetic steps for the formation of the polycyclic system were elucidated. This strategy 
bypasses the traditional laborious processes to elicit gene cluster expression and is generally 
applicable to many other silent or cryptic gene clusters for discovery and characterization of new 
natural products. 
Thus, due to the diverse applications of synthetic biology and particularly DNA assembly 
methods, this field is making rapid advances with the ultimate aim of synthesizing high-quality 
DNA efficiently at a lower cost. 
1.5 Dissertation Organization 
In this dissertation, I contribute to the synthetic biology field with a software tool 
developed for the design of overlapping DNA fragments for assembly using thermodynamics 
analysis. In Chapter 2, I demonstrate the assembly of a high-number of dsDNA fragments using 
a modified Gibson Assembly method to construct three different genes. In Chapter 3, I try to 
overcome some drawbacks of assembly using the Gibson method that leads to a new no-erosion 
ligation technique for assembly of genes and DNA ladders. I will also elaborate on the possible 
sources of errors in assembled sequences and correction technologies that can be utilized for 
better assembly results in Chapter 3. Chapter 4 details my contribution to a collaborative 
bioinformatics research project that focusses on structural differences of rhabdomeric opsins in 
the bay scallops. 
 In Chapter 5, I provide a general conclusion of my efforts to improve efficiency and 
reduce cost of assemblies and give a comparison between the two different methods used for 
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DNA construction. It also includes conclusions from observation of gene duplication events and 
protein modeling in Argopecten irradians. This is followed by a brief overview of future 
prospects for the assemblies that have errors within them. 
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CHAPTER 2. GENE CONSTRUCTION USING MODIFIED GIBSON ASSEMBLY 
METHOD 
 
A research article published in PloS One 
2.1 Abstract 
Gene synthesis is frequently used in modern molecular biology research either to create 
novel genes or to obtain natural genes when the synthesis approach is more flexible and reliable 
than cloning. DNA chemical synthesis has limits on both its length and yield, thus full-length 
genes must be hierarchically constructed from synthesized DNA fragments. Gibson Assembly 
and its derivatives are the simplest methods to assemble multiple double-stranded DNA 
fragments. Currently, up to 12 dsDNA fragments can be assembled at once with Gibson 
Assembly according to its vendor. In practice, the number of dsDNA fragments that can be 
assembled in a single reaction are much lower. We have developed a rational design method for 
gene construction that allows high-number dsDNA fragments to be assembled into full-length 
genes in a single reaction. Using this new design method and a modified version of the Gibson 
Assembly protocol, we have assembled 3 different genes from up to 45 dsDNA fragments at 
once. Our design method uses the thermodynamic analysis software PICKY that identifies all 
unique junctions in a gene where consecutive DNA fragments are specifically made to connect to 
each other. Our novel method is generally applicable to most gene sequences, and can improve 
both the efficiency and cost of gene assembly [1].  
2.2 Introduction 
Synthetic biology is a research field involving genes and genomes that are artificially 
designed, constructed and transformed into living cell [2]. The direct synthesis approach is 
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preferable even for naturally occurring genes that can be cloned using recombinant DNA 
technologies, because it is often more efficient, reliable and flexible to synthesize genes rather 
than to clone them. Synthetic biology requires multiple hierarchical levels of assemblies starting 
from the smallest building blocks of short oligonucleotides to eventually reaching a full-length 
genome [3]. Several different gene assembly methods have been developed, including ligation 
dependent assembly methods [4]–[7], the FokI method [8], variations of PCR-based methods 
[9]–[16], the BioBrickTM assembly method [17], [18], in vivo recombinant assembly methods 
[19], [20] and the ligation cycling reaction method [21]. Among gene assembly methods, the 
relatively recent Gibson Assembly is one of the easiest ones to use [22], [23], and has become a 
commercially available reagent kit from New England Biolabs (NEB Gibson Assembly Master 
Mix, #E2011). In the Gibson Assembly (see Figure 2.1a), three different DNA enzymes are 
optimally mixed together to assemble double-stranded (ds) DNA fragments: 1) a 5’ exonuclease, 
which shortens the 5’ end of DNA fragments and exposes a single-stranded 3’ overhang that can 
anneal to the other exposed DNA strands; 2) a DNA polymerase that fills in the missing DNA 
nucleotides after two strand annealing to repair the gaps; and 3) a DNA ligase that covalently 
repairs the nicks between two adjacent DNA fragments to make a single DNA molecule. Gibson 
Assembly has the following benefits: 1) the interior part of each DNA fragment is protected and 
cannot cause incorrect assembly because it remains double-stranded throughout the assembly 
process. This is in stark contrast to PCR based assembly methods where all strands in all DNA 
fragments are accessible to unintended hybridizations and may cause mis-assemblies during the 
repeated denaturing and re-annealing cycles; 2) Because all enzymes and DNA fragments 
required for assembly are mixed in at once, Gibson Assembly requires just a single step, a single 
tube, and about an hour reaction time; 3) It does not depend on specific DNA sequences (e.g., 
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restriction enzyme recognition sites) for the assembly and it does not produce any scar in the 
resulted sequence; and 4) The assembled product can be used directly for many downstream 
steps, e.g., bacteria transformation (if a vector backbone is included in the DNA fragments 
assembled), restriction digestion for cloning, and PCR amplification. 
 
Figure 2.1 The Gibson Assembly method and PICKY thermodynamic junction analysis. (a) The Gibson 
Assembly reagent includes three enzymes. The 5’ exonuclease erodes the 5’ ends on each dsDNA fragment, 
exposing single-stranded 3’ overhangs. The overhangs anneal to each other according to their compatible base-
pairing. The DNA polymerase repairs gaps and the DNA ligase covalently binds the fragments to create a full-length 
product. (b) To design an optimal fragment set for gene assembly, the target gene is first analyzed using the PICKY 
software to identify all its thermodynamically unique junction regions. Next, a separate Perl program takes these 
junction coordinates as well as some user specified design parameters finalize the optimal fragment set. 
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Gibson Assembly is marketed to assemble larger dsDNA fragments that have been 
commercially synthesized from oligonucleotides. The vendor recommend against the assembly 
of more than 5 dsDNA fragments at once, and they report the maximum number of DNA 
fragments that have been assembled by this method is 12 
(https://www.neb.com/faqs/1/01/01/how-many-fragments-of-dna-can-be-assembled-in-one-
reaction). Although up to 52 single-stranded oligonucleotides can be assembled at once using 
Gibson Assembly [24], we have not found similar high-number dsDNA assemblies in the 
literature. Assembly of more DNA fragments commonly requires a hierarchical and multi-step 
approach by first assembling small subsets of DNA fragments and then combining the assembled 
longer DNA sequences to form even longer ones. We decided to investigate if Gibson Assembly 
kit and a recently derived kit called the NEBuilder HiFi DNA Assembly (NEB #E2621) have 
any inherent limitation on the number of dsDNA fragments that can be assembled at once. Our 
results prove that up to 45 dsDNA fragments can be assembled at once using these kits after we 
made some modifications to the standard protocols to limit the 5’ exonuclease activity on shorter 
dsDNA fragments. 
PICKY is a whole-genome thermodynamic analysis software commercially available but a 
version of it is free for the public [25], [26]. It can efficiently compare all sequences of a large 
gene set and identify thermodynamically unique regions. The uniqueness is defined as having the 
highest difference between the melting temperature of a candidate probe when hybridizing to its 
target gene and the highest off-target melting temperature the same probe can establish with any 
other genes in the gene set. Note that probes achieving the highest melting temperature with their 
target genes may not necessarily prevent unintended off-target hybridizations if their melting 
temperatures to some other genes are also high, and PICKY has the unique capability to estimate 
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both the target melting temperature and the highest off-target melting temperature of each 
candidate probe. PICKY design quality has been validated by its creator [27] and also by 
independent users [28], [29]. In this study, we use PICKY to identify all thermodynamically 
unique regions in a gene sequence to be assembled. Once all these regions are identified, DNA 
fragments for Gibson Assembly can be designed to connect only at these junction regions. The 
rationale is that the exonuclease exposed 3’ overhangs on each DNA fragment are similar to 
DNA probes that may potentially hybridize to other probes in the Gibson reaction buffer, but 
PICKY analysis prevents them from hybridizing to unintended assembly partners. This idea is 
depicted in Fig 2.1b. 
We have selected the green fluorescent protein, kanamycin resistance and tetracycline 
resistance genes to assemble in this study. We have chosen these genes because their correct 
assemblies may be easier to identify in vivo after being transformed into E. coli. This helps us 
quickly estimate the ratios of successful assemblies. Although it is possible to obtain 
oligonucleotides up to 200 base pairs (bps) nowadays, we have chosen to anneal the dsDNA 
fragments using shorter oligonucleotides averaging 50 bps. This increases the number of 
fragments to assemble without significantly increasing our cost. Since the dsDNA fragments are 
short, overlaps between them, i.e., the unique junctions, cannot be too long. For short fragment 
assemblies, the junctions represent significantly wasted resources. Each DNA fragment extends 
the assembly only by its length minus one of its junctions, e.g., a 50 bp fragment with 20 bp 
junctions extends only 30 bps on the assembled product. Economically, the junctions should be 
made as short as possible, but shorter junctions compromise the thermodynamic uniqueness of 
the junctions. We settled with 20 bp junctions in our experiments, but junctions of shorter or 
varied lengths should also work if they are analyzed by PICKY. In Table 2.1, the relevant 
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information of the three chosen genes and the design of their DNA fragments after PICKY 
analysis is given. The longest tetracycline resistance gene has 1254 bps and is assembled from 45 
dsDNA fragments averaging only 47 bps. The complete collection of fragment sequences are 
provided in Appendix A. 
 
Table 2.1 Assembly dsDNA fragments designed for Green fluorescent protein gene (GFP), Kanamycin 
resistance gene (KanR) and Tetracycline resistance gene (TetR) 
 
Gene names Length (bp) Unique 
junctions 
Designed 
dsDNA 
fragments 
Shortest 
fragment 
length (bp) 
Longest 
fragment 
length (bp) 
Average 
fragment 
length 
Green 
fluorescent 
protein gene 
 
755 
 
27 
 
27 
 
40 
 
60 
 
48.03 
Kanamycin 
resistance 
gene 
 
953 
 
36 
 
28 
 
42 
 
70 
 
53.32 
Tetracycline 
resistance 
gene 
 
1254 
 
44 
 
45 
 
40 
 
66 
 
47.42 
 
 
2.3 Materials and Method 
dsDNA Fragment Design 
Download the free PICKY software  
(http://www.complex.iastate.edu/download/Picky/index.html). Load target genes into PICKY and 
click on its Probe design button. A design parameter window will show up. PICKY was originally 
developed for microarray design, so its parameters were named in that context. Here we are 
using PICKY for DNA fragment design so the parameter settings below are relevant to gene 
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assembly purposes. Set the maximum and minimum oligo sizes to 20 or a different value for the 
preferred fragment junction size, the number of probe candidates to 200, and the number of 
probes per gene to 100. The latter two parameters just need to be large enough to instruct PICKY 
to find all probe candidates that qualify as junctions. Also, set minimum match length to 6, 
minimum trigger similarity to 66% and salt concentration to 500 mM. These parameters increase 
the sensitivity level of PICKY on short sequences and match the Gibson Assembly buffer 
condition better. Leave the rest of the PICKY parameters in their default values. After the 
computation, save PICKY probe design to an output file. PICKY will create two files ending in 
.picky and .report; the .picky file will be used for the next step. 
From the same website or the Journal Supporting Information website, download the Perl 
program (breaking_up_sequences_adding_restriction_sites.pl) and run it 
on the .picky file obtained in the previous step. This program takes 5 parameters: 1) the 
optimization goal for fragment count or synthesis cost (the cost formula is built into the 
program and can be modified), 2) the minimum acceptable fragment length, 3) the maximum 
acceptable fragment length, 4) the .picky filename created from the previous step, and 5) the 
original gene sequences analyzed by PICKY. This program either reports an optimal DNA 
fragment set for each target gene, or reports failure given the chosen parameters and the limited 
number of thermodynamically unique junctions on certain genes. Users can adjust some 
parameters, usually by allowing longer dsDNA fragments, to try to obtain a working set. 
Optimization for cost involves exhaustive search and may take a very long time for certain 
junction distributions, whereas optimization for fragment count can always be efficiently 
performed.  
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Modified Gibson Assembly Protocol  
Pairs of oligonucleotides at stock 10 μM concentration are annealed in equal molar 
volume by heating to 95°C and gradually cooling down to room temperature. A master mixture 
is then prepared from all annealed dsDNA fragments. Depending on the total number of 
fragments for each assembly, certain amount of the master mixture is added to pure water to 
make 10 µL, to which another 10 µL of Gibson Assembly or NEBuilder HiFi DNA Assembly 
master mix is added. The assembly reaction buffer is heated to 60°C for 4–8 minutes (min) and 
then cooled to 50°C for another hour in a thermal cycler. Following the assembly, a two-step 
PCR is used to amplify the assembled gene product (95°C for 2 min, followed by 30 cycles at 
95°C for 15 sec and 68°C for 1 min/kb, and the final extension at 65°C for 5 min). The primers 
for polymerase chain reaction (PCR) are the forward oligonucleotide on the first fragment and 
the reverse oligonucleotide on the last fragment used in the assembly. The PCR amplicons are 
separated by agarose gel electrophoresis and the band at the expected assembly length, if visible, 
is purified and cloned into suitable vectors. The bands are purified using the QIAquick Gel 
Extraction Kit (Qiagen #28706).  Both the non-specific TOPO TA cloning vector (Life 
Technologies #450030) and the more specific pGEM®-3Zf(–) vector that requires restriction-
digestion cloning (Promega #P2661) have been successfully used to capture the assembled 
product. The assembled GFP gene contains the EcoRI and BamHI sites, and the assembled 
kanamycin and tetracycline resistance genes contain the HindIII and EcoRI sites. The restriction 
sites can be easily changed in the Perl program given earlier to avoid conflicting inner digestion 
sites on certain genes. 
The pGEM®-3Zf(–) vector can be induced to express the assembled gene within an 
appropriate E. coli host via its lacZ promoter, thus allowing an efficient way to screen the 
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antibiotic resistance genes. 1 μl of the plasmid with insert is transformed into NEB 5-alpha 
Competent E.coli (NEB #C2987) using the manufacturer recommended protocol. The 
transformed bacteria are spread on LB Ampicillin/X-gal/IPTG plates. The antibiotic ampicillin 
selects for the bacteria transformed with the plasmids. The blue-white screening using X-gal (5-
bromo-4-chloro-3-indolyl-β-D-galactopyranoside) and IPTG (Isopropyl β-D-1-
thiogalactopyranoside) helps select plasmids with assembled gene inserts. In the cases of 
kanamycin and tetracycline resistance gene assemblies, the corresponding antibiotics are also 
added onto the plates. After overnight incubation at 37˚C, colonies are picked and grown in 
liquid media. The plasmids are purified using the Qiagen QIAPrep Spin Miniprep kit (Qiagen 
#27106) and subsequently sequenced. 
5’ exonuclease Erosion Test  
10 μL of a 737 bp dsDNA fragment with initial concentration of 11 ng/μL is mixed with 
another 10 μL Gibson Assembly reagent master mix according to the manufacturer protocol. 
After 2, 4, 8 and 16 min at 50, 55 and 60°C, the reaction is immediately stopped by heating to 
70°C for 20 min. Mung bean nuclease (NEB #M0250S) is then added according to manufacturer 
instructions to remove 3’ DNA overhangs. Subsequently the mung bean nuclease is inactivated 
by adding in 1% SDS. The sample is purified to remove all enzymes and buffers and 1 μL of 
each sample containing the eroded dsDNA fragments is run through the BioRad Experion™ 
Automated Electrophoresis System with gel-on-a-chip technique to precisely determine their 
lengths. Each combination of timing and temperature is repeated a few times to average the 
values.  
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2.4 Results  
Modifications to standard Gibson Assembly protocol 
The standard protocol for Gibson Assembly recommended by the manufacturer involves 
a simple mixing step of the assembly reagent buffer with all dsDNA fragments and an isothermal 
reaction time of up to 1 hour at 50°C. If a digested plasmid backbone is included in the 
fragments, the assembled product can be directly transformed into E. coli. However, this 
standard protocol did not work for the assembly of high-number dsDNA fragments that we have 
tested. We considered all possible causes of failures and hypothesized that the following two 
were the most likely problems: 1) the 5’ exonuclease in the assembly reagent buffer eroded too 
many nucleotides, thus rendering the fragments single-stranded that cannot be precisely 
connected to each other; and 2) the yield of the assembled product was low due to the high-
number of DNA fragments that must come together and the more diluted concentration of each 
fragment in the assembly. 
The exact erosion speed of the 5’ exonuclease in the Gibson Assembly reagent buffer is 
not known. The manufacturer recommends that overlaps between dsDNA fragments to be 100 
bps or less, suggesting that up to 100 bps can be removed by the 5’ exonuclease under the 
standard protocol. Because our DNA fragments are much shorter than 100 bps, they can all be 
reduced to single-stranded DNAs by the exonuclease. To limit the exonuclease erosion to the 20 
bp designed junctions between shorter DNA fragments, we conducted an assay with varied 
temperature and reaction time combinations as described earlier to identify the optimal erosion 
condition. The results are given in Table 2.2. Up to 3 replicates were performed for each 
combination of temperature and reaction time. Surprisingly, the different temperatures and 
reaction times do not seem to produce significantly different erosion lengths. Reaction time 
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seems to play a role only at 50°C; at 55 and 60°C they seem to have much lesser influence on 
erosion lengths. At higher temperatures, the 5' exonuclease seems to degrade very quickly; thus 
prolonged exposure at higher temperatures no longer produces shorter fragments. However, at 
higher temperatures the exonuclease also seems more active, thus eroded fragments are shorter at 
55 and 60°C than at 50°C under the same reaction time. Finally, at 50°C, the 5'-exonuclease 
seems to have longer life, thus the fragments continue to be eroded, which supports our first 
hypothesis. 
The required 3’ overhang is 20 bps on both ends of a DNA fragment in our assembly, but 
this is the lower bound. Given the unevenness and randomness in 5’ exonuclease erosion as 
observed in Table 2.2, a slightly longer erosion length is preferred. Because erosion at 60°C 
seems to have the best control over erosion length with the smallest standard deviations, we 
chose to run all subsequent assembly reactions for 4 or 8 min at 60°C before reducing the 
reaction temperature to the standard 50°C for an hour. 
Table 2.2. Gibson Assembly 5’ exonuclease erosion length under different temperature and reaction time 
 
Temperature Reaction time in minutes to erode a 733 bp DNA fragment 
2 4 8 16 
50°C Avg. length 691 
Std. Dev. 16.26 
Erosion 21.3 
Avg. length 696 
Std. Dev. 14.15 
Erosion 18.3 
Avg. length 685 
Std. Dev. 10.41 
Erosion 24.2 
Avg. length 682 
Std. Dev. 11.15 
Erosion 25.7 
55°C Avg. length 678 
Std. Dev. 8.74 
Erosion 27.7 
Avg. length 677 
Std. Dev. 7.21 
Erosion 28 
Avg. length 675 
Std. Dev. 7.02 
Erosion 28.8 
Avg. length 672 
Std. Dev. 5.13 
Erosion 30.7 
60°C Avg. length 674 
Std. Dev. 6.03 
Erosion 29.3 
Avg. length 672 
Std. Dev. 4.51 
Erosion 30.7 
Avg. length 671 
Std. Dev. 5.20 
Erosion 31.0 
Avg. length 667 
Std. Dev. N/A 
Erosion 33.0 
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Successful high-number Gibson Assembly critically depends on the final fragment 
concentration at assembly. If it is too high the 5’ exonuclease can be exhausted before all 3’ 
overhangs are exposed, thus preventing a successful assembly. If it is too low the yield of the 
full-length assembly product will become extremely low and may fail to PCR amplify 
efficiently. Gibson manufacturers recommend the final fragment concentration of 200-1000 
nanomolar (nM) for assembly of 4–6 fragments. This value will likely vary if the number of 
fragments are increased. We tried a range of fragments concentrations and tabulated the ones that 
worked for all three genes. Our successful high-number assemblies all have final fragment 
concentrations in the low 3–8 nM range which are depicted in Table 2.3. Even with optimal 
fragment concentrations the assembly products are too low to be harvested. To resolve the low 
assembly product yield problem, we added a PCR step after the assembly. 
 
Table 2.3. Final dsDNA fragment concentration (conc) in successful assemblies 
 
Assembly outcomes and validations 
Initial attempts to assemble the GFP gene failed until we started using the modified 
Gibson Assembly protocol. Subsequently the kanamycin and tetracycline resistance genes were 
also assembled using this protocol. The successful assemblies can be visualized in agarose gel as 
Gene 
Number 
of 
fragments 
Volume of 
each 10 μM 
ssDNA 
added to 
anneal (μL) 
Master mix 
used in 
assembly 
(μL) 
Water 
added 
(μL) 
Conc of each 
fragment  
after 
annealing 
(μM) 
Conc of each 
fragment in 
master mix 
(μM) 
Final conc 
of fragment 
in Gibson 
Assembly 
(μM) 
GFP 27 9 1 9 4.5 0.167 0.008 
KanR 28 1 9 1 0.5 0.018 0.008 
TetR 45 2 3 7 1 0.022 0.003 
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shown in Figure 2.2. Subsequently, the gel bands were purified, cloned into plasmid vectors and 
transformed into E. coli. The assembly results were then confirmed by sequencing. This 
assembly process has been repeated a few times for all three genes and most repeats produced a 
few 100% correctly assembled sequences confirmed by sequencing. 
 
Figure 2.2. Agarose gel electrophoresis of the three assembled genes. (a) The first lane contains the GFP gene 
assembled from 27 dsDNA fragments showing up at the expected 757 bp length. The second lane contains the 
kanamycin resistance gene assembled from 28 dsDNA fragments showing up at the expected 953 bp length. The 
third lane contains the tetracycline resistance gene assembled from 45 dsDNA fragments at the expected 1254 bp 
length. All assemblies were performed using Gibson Assembly master mix. (b) The same assemblies performed 
using the NEBuilder HiFi DNA Assembly master mix. The agarose gel is stained with ethidium bromide. 
 
To assess the quality of high-number Gibson Assembly, we further conducted the 
following experiments. Our original plan for the GFP gene was to count E. coli colonies that 
fluoresce after the induction of GFP expression from the inserted plasmids. However, the 
fluorescence signal in bacteria colonies was too weak to be picked up by the imaging system. 
Alternatively, we randomly picked 83 colonies for sequencing and found 33 of them (about 
40%) carry the correct GFP gene sequence. The success rate of the kanamycin resistance gene 
assembly was measured by plating equal amount of the transformed E. coli cell culture both on 
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petri dishes that contain only the antibiotic ampicillin and Petri dishes that contain both 
ampicillin and reduced concentration of the antibiotic kanamycin. Ampicillin selects bacteria that 
have acquired the inserted plasmid, and kanamycin selects bacteria that contain the correctly 
assembled kanamycin resistance gene when the bacteria were induced to express the kanamycin 
resistance gene. The tetR was validated in a similar fashion. The validation results and the 
success rate estimates for high-number Gibson Assembly is summarized in Table 2.4. 
Table 2.4. Assembly quality assessment for the three assemblies 
Assembled gene Validation 
method 
Colony counts Sequencing 
confirmation 
Perfect 
assemblies 
Assembled using the Gibson Assembly Kit 
GFP gene 83 sequencing 
runs 
N/A 33 out of 83 are 
confirmed correct 
39.76% 
Kanamycin 
resistance gene 
Spread on 3 Amp 
plates and 3 
Amp/Kan plates 
6 colonies on the 
Amp/Kan plates 
compared to 56 
colonies on the 
Amp only plates 
1 colony – perfect 
sequence 
5 colonies – 1 
base error 
1.7% 
Tetracycline 
resistance gene 
Spread on 3 Amp 
plates and 3 
Amp/Tet plates 
2 colonies on the 
Amp/Tet plates 
compared to 21 
colonies on the 
Amp only plates 
Various base pair 
errors  
0% 
Assembled using NEBuilder HiFi Assembly Kit 
Kanamycin 
resistance gene 
Spread on 3 Amp 
plates and 3 
Amp/Kan plates 
4 colonies on the 
Amp/Kan plates 
compared to 15 
colonies on the 
Amp only plates 
2 colonies– 
perfect sequence 
2 colonies – 1 
base error 
13.3% 
Tetracycline 
resistance gene 
Spread on 3 Amp 
plates and 3 
Amp/Tet plates 
3 colonies on the 
Amp/Tet plates 
compared to 15 
colonies on Amp  
All 3 colonies 
have perfect 
sequence 
20% 
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     Working concentrations of the antibiotics used were - Ampicillin 100 µg/mL, Kanamycin 
50 µg/mL, Tetracycline 6.25 µg/mL. The concentration of kanamycin and tetracycline were 
reduced on the selection plates because at their full strength we never obtained any colony. In 
order to understand the assembly errors, we reduced the antibiotic concentrations to obtain some 
colonies that we can sequence and assess their errors. Using the Gibson Assembly master mix, 
we found it harder to assemble the tetracycline resistance gene from 45 dsDNA fragments. We 
repeated this assembly a few times but have never obtained perfect assembly.  
New England Biolabs released a new reagent kit (NEBuilder HiFi DNA Assembly 
Master Mix, # E2621L) while we were performing the Gibson Assembly studies, and they 
claimed that this improved assembly reagent mix has higher accuracy and efficiency than the 
Gibson Assembly Master Mix. We decided to test this new reagent kit on the same fragment sets 
of the kanamycin and tetracycline resistance genes to check if it would improve our results. GFP 
gene was not constructed again using this kit as it has already had a decent percentage of correct 
assemblies using the Gibson Assembly kit. The perfect assemblies using the NEBuilder HiFi 
DNA Assembly Mix are also summarized in Table 2.4. Using this master mix, the tetracycline 
resistance gene was repeatedly assembled with no errors. Because the NEBuilder HiFi DNA 
Assembly Master Mix is compatible with Gibson Assembly protocols, our thermodynamic 
design method is equally applicable to both kits. 
To assess if there is any statistical significance between the different number of perfect 
assemblies among genes, the two-tailed Fisher exact test was performed and yielded a p-value of 
0.6648 between kanamycin resistance gene and tetracycline resistance gene when using 
NEBuilder HiFi DNA kit and a p-value <0.0001 between GFP and kanamycin resistance gene 
when using the Gibson Assembly kit. Therefore, we do not have evidence that the number of 
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perfect assemblies vary with respect to any particular gene assembly using the NEBuilder HiFi 
DNA Assembly kit, but the results are significantly different for the Gibson Assembly kit at 5% 
significance level between the two genes tested. Thus, our method can potentially be useful for 
the construction of other genes using the NEBuilder HiFi Assembly kit. 
2.5 Discussion 
The previously reported maximum Gibson Assembly included 52 oligonucleotides in a 
single-stranded assembly of a viral gene, but the authors specifically advised against using their 
fragment design method for any other purpose [30]. The manufacturer of the Gibson Assembly 
reagent kit actually advises against using more than 5 fragments in an assembly. Furthermore, 
Gibson Assembly is more commonly used to assemble from longer dsDNA fragments that are 
more than a couple hundred bps and have been bootstrap-assembled from basic oligonucleotide 
building blocks by commercial vendors. When assembling from longer dsDNA fragments, 
Gibson Assembly works very well as it can tolerate more variable 5’ exonuclease erosions and 
less than optimal but longer fragment junctions.  
We have developed a general purpose fragment design method that is applicable to any 
gene construction, and in our tests, up to 45 dsDNA fragments can be assembled at once. For 
assemblies of the GFP and kanamycin resistance genes using less than 30 fragments, our results 
are reproducible and with sufficient yields of perfectly assembled sequences after PCR. Using 
the NEBuilder HiFi Assembly, we also have perfectly assembled sequences of the tetracycline 
resistance gene from 45 fragments. Although different fragment sets likely have distinct 
difficulties to assemble even with the same number of fragments, we learned from our study that 
somewhere between 30 to 45 fragments lies the practical limit of Gibson Assembly — Beyond 
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that point the success rate will drop significantly and it is no longer feasible to attempt higher-
number assemblies. 
In this study, our main focus is to test if we can significantly increase the number of 
dsDNA fragments that can be assembled at once. The reason we chose to create shorter dsDNA 
fragments from complementary oligonucleotides is to avoid increasing the length of the 
assembled gene products — it will cost a lot more to synthesize longer dsDNA fragments and the 
assembled sequences will be harder to validate if they must go through shotgun assembly. We 
must point out that this is our strategy to test high-number assemblies and is not a very efficient 
way to directly assemble genes because a significant fraction of junction regions were 
synthesized twice and wasted. In practice, the longer the individual fragments, the more efficient 
the assembled sequences can be elongated. Assuming 20 bp junctions between all fragments and 
a 2000 bp gene can be evenly divided among fragments of any sizes, as seen in Figure 2.3, it 
requires 80 fragments of 45 bps to assemble the gene with an efficiency less than 56%, but it 
only requires 12 fragments of 200 bps to assemble the same gene with an efficiency above 90%. 
Because the interior of each DNA fragment is protected by double-strand and does not interfere 
with the assembly process, in principle the length of each fragment should not significantly 
increase the assembly difficulty. Therefore, longer genes can be assembled using longer 
fragments when designed with our method. Further studies will have to be conducted to test 
high-number gene assemblies using longer fragments. 
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Figure 2.3. Assembly efficiency and reaction count under different conditions. (a) The assembly efficiency and 
fragment count to assemble a 2000 bp gene using different fragment sizes. (b) The assembly reactions required to 
assemble sequences up to a million bps from 200 bp fragments under different Gibson Assembly capacities up to 30 
fragments at once. In both figures the junction length between fragments is fixed at 20 bps and it is assumed that any 
sequence to assemble can be evenly divided by the fragments. 
 
We also tried to discern if there are any assembly error patterns. Most of the errors in the 
assembled genes were single-base mutations or deletions. Originally, we thought some errors 
could occur in the fragment junctions because these are where the assembly activities happened. 
However, we found errors can occur anywhere in the fragments, including those interior regions 
protected by double-strand. Some of these errors could have been present in the original 
oligonucleotides that were used for assembly because it is known that oligonucleotide synthesis 
can be imperfect [31]. We also suspect that some of the errors might have been introduced 
during the PCR amplification of assembled products. We have used both the Taq DNA 
polymerase (NEB #M0273) and Pfx high fidelity DNA polymerase (Life Technologies #11708) 
for the PCRs, and we have found Pfx can produce polymerization products with high molecular 
weight (Figure 2.4), so we mainly used Taq in most of our studies. Since Taq has no 3’ 
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exonuclease proof-reading activity, that may have increased the errors due to lingering 
unassembled fragments in the buffer. If the PCR amplification step can be avoided, it is 
reasonable to expect that fewer assembly errors will occur. We are going to study other assembly 
methods that might allow higher fragment concentration to begin with, thus the assembled 
products may not require PCR amplification. If successful, this will improve the assembly 
quality.   
 
 
Figure 2.4. Difference in DNA polymerase behaviors. The tetracycline resistance gene assembly product was 
PCR amplified by Taq DNA polymerase (Lane 1) and Pfx DNA polymerase (Lane 2). Pfx amplification caused 
polymerization and produced some high molecular weight products, thus the Taq polymerase was chosen for 
subsequent studies. The last lane contained the 100-bp DNA ladder. 
 
One of the Gibson Assembly papers demonstrated the assembly of a 582,970 bps 
Mycoplasma genitalium genome from about 10,000 oligonucleotides averaging 50 bps in length 
[3]. The assembly started with 101 cassettes that had been assembled by commercial vendors and 
were approximately 5000–7000 bps in length. It took 5 hierarchical assembly steps and 40 
assembly reactions, each including up to 5 fragments, to produce the full-length genome from the 
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cassettes — If 28 fragments could be assembled at once, it would only require 4 reactions to 
complete the assembly. Assuming a one million bp genome can be assembled from evenly 
distributed 200 bp fragments with 20 bp junctions between them, if only 5 fragments can be 
assembled at once, the whole 5556 fragments will take 1389 reactions to assemble, but if 30 
fragments can be assembled at once, it will only take 192 reactions to obtain the one million bp 
genome (Figure 2.3b). In this study, we demonstrated that using thermodynamic analysis to 
discover unique junctions between each consecutive DNA fragment will allow high-number 
fragment assemblies. Since the PICKY thermodynamic analysis is not specific to Gibson 
Assembly chemistries, the same method should be equally applicable to other assembly methods 
where unique pairwise DNA strand hybridizations are required. With our techniques, much 
longer genes can be synthesized with more fragments in one step. This may improve both the 
cost and quality of gene synthesis. 
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CHAPTER 3. DEVELOPING A NO-EROSION METHOD FOR GENE 
CONSTRUCTION 
 
3.1 Abstract 
There are several methods available for constructing genes from multiple DNA 
fragments. Some require restriction sites or linker DNAs on the DNA fragments so they can be 
joined together, but that leave scars on the assembled products. The Gibson Assembly method 
can assemble a scarless sequence, but the junctions between fragments are not precisely 
controlled, thus longer junctions are needed and fewer fragments can be assembled at once. We 
have developed a new method to assemble oligonucleotides in a single reaction. The 
oligonucleotides are optimally designed with precise annealing and ligation controls. Our method 
has been validated through the successful assembly of a 1254 and 1420 base-pair genes from 46 
and 52 oligonucleotides respectively and a 3245 base-pair DNA ladder from 2-stage assemblies 
of 62 and 66 oligonucleotides. This new assembly method can be used to construct DNA 
sequences up to several thousand base-pairs directly from single-stranded oligonucleotides, 
reducing the cost and improving the efficiency of reactions. 
3.2 Introduction 
The Gibson Assembly method was used to successfully assemble up to 45 dsDNA 
fragments in a single reaction. The protocol involves removal of 5’-end nucleotides from 
neighboring fragments so that they can ligate at the junctions and then the DNA polymerase can 
repair the shortened strands to extend coverage over the entire assembled DNA sequence. 
However, it was difficult to quantitatively assess the activity of the 5’exonuclease enzyme that is 
part of the reaction mixture [1]. The accuracy of the PICKY predicted junctions and the correct 
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assembly of fragments are severely offset by the imprecise 5’ exonuclease erosion activities. In 
the new method, the 5’ exonuclease is completely eradicated and overhangs are precisely 
controlled by direct design and synthesis.  
In this method, fragment ligation overhangs are directly synthesized, facilitating precise 
control of the ligation and assembly process. This method can also have alternative strategies to 
use either double-stranded or single-stranded fragments for assembly. The double-stranded 
assembly is based on each pair of plus and minus strands forming a duplex with overhangs 
already created to connect to the previous and the next duplex fragments. The single-stranded 
assembly involves a high-number of oligonucleotides mixed together at the same time  
Since chemically synthesized oligonucleotides lack the 5’ phosphate group to 
successfully ligate to each other, our new assembly method involves two enzymes. We use T4 
polynucleotide kinase to add phosphate to the 5’-end of each oligonucleotide [2], and a 
thermostable DNA ligase to seal the nicks left after the annealing of contiguous fragments. A 
thermostable ligase is required since the fragment mixture should be maintained above 55°C to 
prevent non-specific hybridizations between fragments — our method critically depends on the 
clear separation of hybridizations between intended fragments and unintended fragments during 
the assembly process. Since we only attempted high-number assemblies with the new method, 
we also applied a PCR amplification step to increase the yield of the assembled products. 
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Figure 3.1. An overview of the no-erosion DNA assembly method. Oligonucleotides are mixed together in a 
single buffer mixture followed by addition of two enzyme – polynucleotide kinase and thermostable DNA ligase. 
After incubation under a unique annealing protocol and PCR step, full assembled DNA sequence can be visualized 
on agarose gel. 
 
To test the new method, we assembled the 1254 bp tetracycline resistance gene (tetR) 
from 23 dsDNA fragments. Although PICKY predicts many unique regions on this gene, due to 
the requirement to form double-stranded fragments with sufficient overhangs and thermal 
stability in their duplex structure under high temperature, only 23 longer dsDNA fragments are 
designed for this gene under the new method. The number of fragments have almost been halved 
because the junctions are further away from each other due to the need to maintain stable duplex 
structures (i.e., longer interior double-stranded regions).  
We also assembled the TetR gene from 46 oligonucleotides to test the single-stranded 
assembly method. Previously, we had successfully assembled the tetR gene from 45 dsDNA 
fragments using the Gibson Assembly, thus this new experiment serves as the basis to compare 
the three different assembly methods. We found our new assemblies to be comparable to the 
Gibson Assembly method in assembly accuracy. However, the single-stranded assembly method 
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is simpler without the need to anneal individual dsDNA fragments that are required for the 
Gibson Assembly — all oligonucleotides can be mixed in for the assembly at once. 
To further test our new assembly method on longer genes beyond what we can 
successfully assemble using the Gibson Assembly, we also assembled another gene, i.e. 
Florfenicol resistance gene (fexA) of 1420 bp and a custom DNA ladder of 3245 bp. The reason 
we chose to assemble a ladder is because it allows us to use shorter oligonucleotides to achieve 
high-number assemblies for our tests. A regular gene assembly would require specific sequences 
for each fragment, thus longer oligonucleotides are often needed to skip over non-
thermodynamically unique junctions, reducing the number of fragments that can be designed and 
also increasing the costs of our tests. 
Moreover, DNA molecular weight markers are routinely used in molecular biology 
experiments to estimate the size of a molecule through agarose gel electrophoresis. Custom DNA 
ladders are a rare occurrence in the molecular biology world today. Every year, biotechnology 
companies make thousands of dollars in profit by selling ladder mixes to independent research 
labs. If these ladders can be produced in house and correspondingly cloned into plasmids, 
researchers can have an endless supply at a fraction of the cost.  
Researchers have developed DNA ladders using different methods. The marker primer-
directed synthesis (MPDS) method requires multiple set of primers to produce the desired DNA 
ladders and is particularly useful for polyacrylamide gels [3]. DNA ladders have been produced 
by restriction digestion of plasmids from several E.coli strains [4] or native DNA from lambda 
phage [5]; however this limits the number and size of bands that can be generated. Some PCR-
based methods have been developed such as construction of complex synthetic vectors using 
PCR amplification [6] , PCR-synthesized marker method [7], multiplex PCR [8], [9], production 
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of 100 bp multimers using self-ligation and subsequent amplification [10]. The major 
disadvantage of the mutiplex method is the requirement of multiple primer sets that may not 
always produce the expected results due to variability in PCR conditions. However, if a single 
primer is used for each band, the process becomes very tedious and time-consuming. 
We demonstrate a new method that can be used to assemble DNA sequences and make 
DNA ladders up to several thousand base-pairs without the constraints of restriction sites or the 
need of custom PCR primers as in other assembly methods. In particular, this method provides a 
straightforward approach to assembly, saving both time and money. 
3.3 Materials and Method 
Design of dsDNA/oligonucleotides for sequence assembly 
Gene assembly: 
The thermodynamic analysis software PICKY is used to identify thermodynamic unique 
regions on the target gene for assembly [11]. It optimally designs a fragment set that can be used 
to construct the gene. An additional propriety program will either produce the final set of dsDNA 
fragments or oligonucleotides that satisfies the design parameter or report that such a set cannot 
be found. 
DNA ladder assembly: 
To design DNA ladders, their specific sequences are not important if they are GC neutral 
and thermodynamically unique for the assembly. PICKY can be used to sample from a known and 
biologically safe sequence to produce the unique junctions for ladder assembly. We run PICKY 
on the stock E. coli MG1655 genome (GenBank Access Number 48994873). The PICKY output 
containing the 150 unique probe sequences is given to a proprietary program which will 
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concatenate each pair of 25 bp probes to form 50 bp oligonucleotides that can anneal in the right 
order for the assembly. The program will discard some probes if they contain the restriction sites 
used for cloning or digestion. The specific ladder design and the restriction sites for cloning and 
digestion of the assembled sequence can be directly edited in the program code. The output from 
this program is a set of properly oriented oligonucleotides (on the upper or lower strands) that 
can be assembled to form the ladder sequence. 
 
DNA assembly protocol 
(i) Double-stranded DNA fragment assembly 
Pairs of oligonucleotides at stock 10 μM concentration are annealed in equal molar 
volume of 1 μL in the T4 DNA ligase by heating to 95°C and gradually cooling down to room 
temperature. 1 μL of the enzyme T4 polynucleotide kinase is added to the annealed pairs and 
incubated at 37°C for one hour and deactivated by heating to 95°C for 5 minutes. 1 μL of each 
dsDNA fragment is added into a new tube to create a master mix of the annealed fragments. 
Further, 10 μL of the fragment mixture is incubated with 2 μl of Ampligase buffer, 1 μL of 
Ampligase DNA ligase and 7 μL pure water at 60°C for 1 hour. Following the assembly, a two-
step PCR with Taq polymerase is used to amplify the assembled gene product (95°C for 2 min, 
followed by 30 cycles at 95°C for 15 sec and 68°C for 1 min, and the final extension at 68°C for 
5 min). The primers for polymerase chain reaction (PCR) are the forward oligonucleotide on the 
first fragment and the reverse oligonucleotide on the last fragment used in the assembly. The 
PCR amplicons are separated by agarose gel electrophoresis and the band at the expected 
assembly length, is purified and cloned into pGEM®-3Zf(–) vector using restriction digestion 
and ligation.  
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(ii) Single-stranded oligonucleotide assembly 
1 μL of each oligonucleotide from a set is added into a 1.5 mL eppendorf tube and mixed. 
1 ul of this oligonucleotide mixture is mixed with 2 μL T4 ligase buffer (NEB #M0202S), 15 μL 
pure water and 1 μL of T4 polynucleotide kinase enzyme (PNK; NEB #M0201S) to add a 
phosphate group to the 5’-end of each oligonucleotide. The reaction is maintained at 37°C for 
one hour and the enzyme is denatured by heating to 95°C for 5 minutes. This is followed by slow 
annealing at 1°C/2 min to 55°C and then 2.5 μL Ampligase DNA ligase buffer, 1.5 μL pure 
water and 1 μL Ampligase DNA ligase enzyme (Epicentre #A32250) is added to the tube to 
bring the total volume up to 25 μL and the reaction is maintained at 55°C for 3 hrs. Following 
the assembly, 3 μL Taq DNA polymerase buffer, 0.5 μL of 10 uM forward primer (the first 
oligonucleotide in a set), 0.5 μL of 10 uM reverse primer (the last oligonucleotide in a set), 0.5 
μL of 10 mM dNTPs and 0.25 μL Taq DNA polymerase (NEB #M0273S) are added to the tube 
to bring the total volume to 30 μL. A 2-step PCR is used to amplify the assembled gene product 
(95°C for 5 min, followed by 30 cycles at 95°C for 15 sec and 68°C for 1 min, and the final 
extension at 72°C for 30 min) and a 3-step PCR is used to amplify the DNA ladders (95°C for 5 
min, followed by 30 cycles at 95°C for 15 sec, 55°C for 30 sec and 68°C for 1 min, and the final 
extension at 72°C for 30 min). The difference in PCR protocols is due to the difference in primer 
lengths (~70 bp for tetR gene and ~ 60 bp for ladders) to amplify the assembled products. For 
amplification using the KOD DNA polymerase, 25 μL of the ligated DNA is mixed with 25 μL 
of KOD Hot Start Master mix (EMD Millipore #71842) with addition of 1.5 μL of forward and 
reverse primers. The 2-step PCR cycle is programmed at 95°C for 2 min, followed by 35 cycles 
at 95°C for 20 sec and 72°C for 20 sec for the tetR gene. The 3-step PCR cycle is programmed at 
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95°C for 2 min, followed by 35 cycles at 95°C for 20 sec, 66°C for 10 sec and 70°C for 20 sec 
for the fexA gene and Ladder Set1 and Set 2. The PCR amplicons are separated by agarose (1%) 
gel electrophoresis and the band at the expect ed assembly length is purified and cloned into 
TOPO TA cloning vector (Thermo Fisher Scientific #450641) for the tetR gene and TOPO XL 
PCR cloning vector (Thermo Fisher Scientific #K475010) for the DNA ladders because of their 
lengths. All assembled products are sent for sequencing from both ends for confirmation. 
Combining ladders 
After assessing the accuracy of both Set 1 and Set 2 DNA ladders, Set 1 fragment is 
digested with BamHI-HF (NEB #3136S) and XbaI (NEB #R0145S). Set 2 fragment is digested 
with HindIII-HF (NEB #R3104S) and XbaI and the plasmid pGEM-3Zf(-) is digested with 
BamHI-HF and HindII-HF. All three digestion products are ligated together in a single 20 μL 
reaction using T4 DNA ligase (NEB #M0202S) overnight at 16°C. After transformation of the 
ligated plasmid into E. coli DH5 alpha cells and subsequent minipreps, the extracted plasmid is 
digested with EcoRI-HF to produce the complete DNA ladder in a 1.5% agarose gel. 
3.4 Results 
To test our new assembly method, we assembled the 1254 bp tetracycline resistance gene 
from 23 dsDNA fragments and from 46 oligonucleotides with different protocols respectively.  
dsDNA fragment Assembly 
Our results using Ampligase DNA ligase showed successful assembly of the tetR gene at 
60°C using the new method (see Figure 3.2 below; assembly has also been sequencing confirmed 
and the assessment is reported in Table 3.1 below).  
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Figure 3.2. Gel electrophoresis results for TetR no-erosion gene assembly from dsDNA fragments. The first 
and third lanes contain the TetR gene assembled from 23 dsDNA fragments showing up at the expected 1254 bp 
length. The 1.5% agarose gel is stained with ethidium bromide. 
 
 
Table 3.1. Assembly quality assessment for no-erosion ligation assembly method 
 
Number of colonies on 
Ampicillin plates 
Number of colonies on 
Ampicillin + Tetracycline 
plates 
Percentage success 
32 13 40.6% 
 
Out of the 13 colonies on the Amp+Tet plates, 4 were sent for sequencing and all 4 were confirmed to have the 
perfect tetR gene insert. 
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Single-stranded oligonucleotides assembly 
We found our new assembly method is comparable to the Gibson Assembly in assembly 
accuracy at comparable number of fragments. However, our new method is simpler without the 
need to anneal individual dsDNA fragments that are required for the Gibson Assembly — all 
oligonucleotides can be mixed in for the assembly at once. 
To assemble the 1254 bp tetR gene, we have designed 46 oligonucleotides with an 
average length of 55 bp and the longest being 71 bp. We found our new assembly method is 
comparable to the Gibson Assembly in assembly accuracy at comparable number of fragments. 
However, this method is simpler without the need to anneal individual dsDNA fragments that are 
required for the Gibson Assembly — all oligonucleotides can be mixed in for the assembly at 
once. 
To further test our new oligonucleotide assembly method on longer genes beyond what 
we can successfully assemble using the Gibson Assembly, we also assembled another gene, i.e. 
Florfenicol resistance gene (fexA) of 1420 bp and a custom DNA ladder of 3245 bp. The reason 
we chose to assemble a ladder is because it allows us to use shorter oligonucleotides to achieve 
high-number assemblies for our tests. A regular gene assembly would require specific sequences 
for each fragment, thus longer oligonucleotides are often needed to skip over non-
thermodynamically unique junctions, reducing the number of fragments that can be designed and 
also increasing the costs of our tests. 
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Table 3.2. Designed oligonucleotides and final concentration in reaction mixture for the assembled genes 
 
Selected 
gene/DNA 
fragment 
Sequence length 
(bp) 
Number of 
oligonucleotides 
Average length of 
oligonucleotide 
(bp) 
Final conc of 
oligonucleotide in 
reaction mix (μM) 
 
TetR gene 
 
 
1254 
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55 
 
0.007 
 
FexA gene 
 
 
1420 
 
52 
 
56 
 
0.006 
 
Ladder Set 1 
 
 
1560 
 
62 
 
50 
 
0.005 
 
Ladder Set 2 
 
 
1685 
 
66 
 
50 
 
0.005 
 
For the fexA gene, we designed 52 oligonucleotides with an average length of 56 bp and 
the longest strand being 80 bp. All oligonucleotides can be mixed in a single reaction, and will 
hybridize to specific partners in alternative fashion, forming the upper and lower strands of the 
assembled gene as depicted in Figure 3.3. To ensure the oligonucleotides will only hybridize to 
the correct partners during the assembly reaction, we used PICKY to analyze the tetR and fexA 
gene sequences and identify thermodynamically unique and non-unique regions on this gene 
[13]. The oligonucleotides were designed in such a way that the non-unique regions will be 
covered or compensated by longer stretch of DNA while the unique regions can be shorter. After 
the PICKY analysis, a Perl program was used to design the oligonucleotides. 
 
 
 
 
Figure 3.3. Oligonucleotide tiling layout for gene assembly. Individual oligonucleotides were designed such that 
they only hybridize to partner oligonucleotides to form the gene under the assembly condition. The overlaps among 
oligonucleotides are of variable length due to different thermodynamic uniqueness in those regions; non-unique 
regions are compensated by longer overlaps. 
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Following a PCR step, the assembled gene product was analyzed using agarose gel 
electrophoresis, and showed a band at the expected 1254 bp length for tetR gene (Figure 3.4) and 
1420 bp for fexA gene (Figure 3.5). The gene bands were then cloned into the TOPO-TA and 
TOPO XL PCR cloning vectors which produced some colonies after transformation.  
 
 
 
Figure 3.4. Gel electrophoresis results for TetR no-erosion gene assembly from oligonucleotides. The first lane 
contains the TetR gene assembled from 46 oligonucleotides showing up at the expected 1254 bp length. The 1.5% 
agarose gel is stained with ethidium bromide. 
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Figure 3.5. Gel electrophoresis results for FexA no-erosion gene assembly from oligonucleotides. The first lane 
contains the FexA gene assembled from 52 oligonucleotides showing up at the expected 1420 bp length. The 1.5% 
agarose gel is stained with ethidium bromide. 
 
 
 
Originally our next assembly target was a 3000+ bp plasmid such as the pGEM-3Zf(-) 
sequence. However, given a few such sequences as input to our design program revealed that we 
would have to use much longer oligonucleotides up to 140 bp to skip over longer 
thermodynamically non-unique regions and would not have significantly increased the total 
number of fragments for the assembly test. Since our purpose was to test the maximum number 
of fragments that can be assembled at once with our new method, we chose to assemble a 3245 
bp DNA ladder designed by another program, because without sequence specificity it allows 
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shorter oligonucleotides to be used and can significantly increase the total number of fragments 
designed for same length sequences. The constructed ladder is generally useful in molecular 
biology labs. 
A 3245 bp DNA ladder was designed by the Perl program given as input some 150 
thermodynamically unique 25 bp junctions sampled from the E. coli genome. The program 
alternated these junctions to each upper and lower strand pair to form overlapping 50 bp 
oligonucleotides that can tile together to form the full-length ladder (Figure 3.3). Altogether, 128 
oligonucleotides were designed, but we could not assemble them in a single reaction after 
multiple attempts — 128 oligonucleotides may simply be too many to be assembled at once. 
Instead, the 128 oligonucleotides were split into two sets. Set 1 containing 62 oligonucleotides 
can be assembled to form a 1560 bp fragment. Set 2 containing 66 oligonucleotides can be 
assembled to form a 1685 bp fragment. Following the assembly and PCR, the assembled DNA 
products were run through agarose gel electrophoresis and showed bands at expected length in 
Figure 3.6.  
The assembly and corresponding downstream processes of all 4 DNA fragments was 
replicated multiple times (See Appendix B). 
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Figure 3.6. Gel electrophoresis results for ladder sets no-erosion assembly from oligonucleotides. The first lane 
contains the Ladder Set 1 sequence assembled from 62 oligonucleotides showing up at the expected 1560 bp length. 
Lane 2 contains the Ladder Set 2 sequence assembled from 66 oligonucleotides showing up at the expected 1685 bp 
length. The 1.5% agarose gel is stained with ethidium bromide.  
 
The assembled DNA sequences from the two sets are interspersed with EcoRI restriction 
sites and can be digested by the enzyme to generate the DNA ladder pattern after agarose gel 
electrophoresis. The assembled DNA sequences were cloned into the TOPO XL PCR vector and 
transformed into E.coli TOP10 cells plated onto Luria Bertini – Kanamycin (LB Kan) media. A 
few colonies were picked up from the plates. The picked colonies were grown in LB Kan liquid 
media overnight and miniprepped, the extracted plasmids were digested with EcoRI-HF and run 
through agarose gel to check the formation of correct DNA ladder bands, which indicate the 
presence of correct inserts. 
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Set 1 assembled DNA sequence produced bands at 100, 200, 300, 400 and 500 bp and Set 
2 assembled DNA sequence produced bands at 700 and 1000 bp as expected from the initial 
ladder design. The Set 1 and Set 2 DNA sequences were excised from the TOPO XL PCR 
vector, combined and ligated into the pGEM-3Zf(-) plasmid. Combining the entire ladder into a 
plasmid allows it to generate the complete ladder after digestion by EcoRI-HF. The results of 
single digestion and corresponding ladder are depicted in Figure 3.7. 
 
 
Figure 3.7. An example of the custom DNA ladder sets after cloning and digestion with EcoRI-HF. 
Lane 1 shows a commercial 1 kb DNA ladder; Lane 2 shows Set 1 that produced bands at 100, 200, 300, 400 and 
500 bp as well as the plasmid backbone at 3900 bp (TOPO XL PCR vector); Lane 3 shows Set 2 that produced 
bands at 700 and 1000 bp as well as the plasmid backbone at 3900 bp; Lane 4 shows the combined ladder with 
bands at 100, 200, 300, 400, 500, 700 and 1000 bp as well as a different plasmid backbone at 3200 bp (pGEM-3Zf(-
)); and Lane 5 depicts a commercial 100 bp DNA ladder. All samples were run on a 1.5% agarose gel stained with 
ethidium bromide. 
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3.5 Conclusion 
We have presented a new method for constructing genes that anneals and ligates a high-
number of oligonucleotides to form a long dsDNA sequence. The number and length of the 
oligonucleotides to assemble a DNA sequence depends on the thermodynamic characteristics of 
the sequence. We also found that there is an upper limit on the number of oligonucleotides that 
can be assembled at once; in our tests the limit lies somewhere over 66 because we failed to 
assemble more than 66 oligonucleotides at once. Every time an additional oligonucleotide is 
added to the assembly, it reduces the probability that a full-length sequence can be successfully 
constructed. Although this may be compensated by increasing the concentration of 
oligonucleotides, significantly increasing the number of oligonucleotides may cause an excess of 
total DNA concentration and saturate the polynucleotide kinase and thermostable DNA ligase 
enzymes used in our method. Therefore, these two factors must be carefully balanced to achieve 
the high-number assemblies.  
One drawback of this method is the introduction of base-pair errors in the assembled 
sequences. The tetR gene sequence was assembled perfectly from 46 oligonucleotides, with 
multiple replicates. The success rate was 2/10 correctly assembled sequences using the Taq DNA 
Polymerase and 3/8 correctly assembled sequences using the KOD DNA Polymerase.  However, 
the other three DNA sequences, i.e. fexA gene and Set 1, Set 2 from DNA ladder had a minimum 
of one base-pair error in the assembled sequences. As the initial assembly was performed using 
the Taq DNA polymerase, we hypothesized that the enzyme could be one of the possible cause 
of these errors, especially in longer DNA sequences. Therefore, we attempted the assemblies 
with a high fidelity KOD DNA polymerase enzyme. Although this improved the overall quality 
of the assembled sequences, it did not result in error-free assemblies.  
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Analysis of errors in assembled DNA sequences 
As seen in Table 3.3, among the four DNA sequences, tetR gene has the highest GC 
content. Sequences with higher GC content have a higher melting temperature and are more 
stable than sequences with low GC content. Thus, this could imply that once the tetR gene is 
assembled, it is difficult for the individual fragments to disintegrate due to the thermostability of 
the sequence.  On the other hand, the Set 1 and Set 2 ladder sets have a 50% GC content and the 
fexA gene has the lowest GC content of 42%. Due to the lower melting temperatures of these 
sequences, it is likely that partially assembled or nicked sequences become unstable at repeating 
cycles of  higher temperatures. Even if one oligonucleotide is broken during these reactions, it 
can lead to an error in the final product. The GC composition may have given tetR gene an 
advantage leading to a higher yield of assembled product with fewer errors as compared to the 
other three DNA sequences. 
Table 3.3 – DNA sequence length and GC composition 
 
  
 
 
 
 
 
 
 
 
 
1. Tetracycline resistance gene 
With KOD enzyme, there were 3 perfectly assembled tetR sequences out of a total of 8 
inserts. Among the 5 remaining sequences, the highest number of errors are deletions followed 
by few substitutions. More details of error assessment for all genes can be seen in Appendix B. 
 
 
 
Sequence Length GC content 
TetR gene 1254 bp 60.86% 
FexA gene 1420 bp 42.58% 
Ladder Set1 1560 bp 50.89% 
Ladder Set2 1685 bp 50.56% 
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2. Florfenicol resistance gene  
It was observed that among 8 sequences that were screened, 4 resulted only in partial 
assemblies. Among the remaining sequences, there were 1 – 3 deletion errors. 
3. Ladder Set 1  
Out of the 2 separate replicates of Ladder Set 1 assembly reactions, 20 sequences had the 
correct insert after cloning and sequencing. Among these inserts, 2 sequences had the minimum 
error of 1 bp and some sequences had 6+ bp errors. Most of these were found to be deletion 
errors with a couple of substitution errors. Errors at the same location in different sequences were 
rarely observed. 
4. Ladder Set 2  
Out of the 2 separate replicates of Ladder Set 2 assembly reactions, 25 sequences had the 
correct insert after cloning and sequencing. Among these inserts, one sequence had the minimum 
error of 1 bp with some sequences having 6+ errors.  
 
The assembled DNA were sequenced using Sanger sequencing with a single primer. If 
the sequences had less than 2 errors, they were sequenced from the other direction to check if 
these are sequencing or actual errors. After an assessment of the errors in the assembled 
sequences of the genes and ladder sets, it was observed that most errors occurred in the 
overlapping junction areas of the oligonucleotides. Out of total errors, about 70% were due to 
deletions and remaining were substitutions with a couple of insertion errors. About 30% of total 
errors were seen at the extreme right or left ends of the assembled sequences. These results 
support the hypothesis that the errors could have been introduced due to partial breakage of the 
oligonucleotides during ligation and corresponding PCR cycles at high temperature. In some 
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sequences, errors were seen at multiple locations within the same oligonucleotide further 
confirming that it could be faulty due to insufficient purification. The dataset is fairly small to 
draw concrete conclusions regarding the occurrences of errors but the analysis helps to validate 
some of the possible sources as discussed below. 
3.6 Discussion 
Most DNA Assembly methods tend to produce full-length DNA sequences with a few 
errors in them. Therefore, the success rates, i.e. the ratio of perfectly assembled sequences to the 
total number of assembled sequences, using the newly developed no-erosion assembly method 
have been moderate to very low for the test genes. There may be many possible causes for the 
incorporation of these errors into the sequence during the various reaction steps leading to 
assembly; some of which have been discussed here. 
The success of gene construction methods depends largely on the quality and purity of 
oligonucleotides. Current oligonucleotide synthesis technologies can produce oligonucleotides 
that are either prematurely terminated or have internal deletions within the sequence [14]. The 
length and number of oligonucleotides used in assembly are essential factors contributing to 
these error rates. Shorter oligonucleotides will have fewer chances of errors. The no-erosion 
assembly method has been used to assemble genes from 46 to 66 oligonucleotides, which 
significantly increases the chances of errors in these sequences. Integrated DNA Technologies 
does not offer any yield guarantees for oligonucleotides greater than 50 bases at their highest 
synthesis scale; with a 99.2% coupling efficiency for standard oligonucleotides. This implies that 
a 50-base oligo will result in greater than 67% full-length oligonucleotides.  Thus, there is still a 
relatively high chance of the wrong oligonucleotide getting incorporated during gene assembly 
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reaction; thereby affecting the efficiency and reproducibility of the experiment. IDT recommends 
the costly HPLC or PAGE purification method for any oligonucleotide greater than 50 bases 
(Source: www.idtdna.com). However, this is not feasible for an order of a large number of 
oligonucleotides due to the additional expense; simply to test our assembly method.  
Some deletions can also occur during ligation of the oligonucleotides in a single reaction, 
especially at ends of predicted hairpins. Even though PICKY considers secondary structure 
formation tendency as a parameter while designing the oligonucleotides, it may be compensated 
a little to ensure the overall stability of the fragment set. Thus, if a broken oligonucleotide gets 
ligated during assembly, it will result in an error in the assembled DNA sequence. 
Another possible source of error in the assembled DNA sequences is during the 
polymerase chain reaction (PCR) step. This step is essential as the yield of full-length DNA 
following ligation is very low and cannot be quantified. Initially, we used the Taq DNA 
polymerase for amplification as it is a robust enzyme, with a highly processive 5’→ 3’ 
polymerase activity. This amplification resulted in visible DNA bands at the expected length on 
agarose gel. Thus, we qualitatively confirmed that the assembly works. However, a major 
drawback of this enzyme is that it lacks a 3’ → 5’ exonuclease activity. Hence, it is unable to 
correct the misincorporated bases during synthesis or amplification.  
Various assays have been used to assay Taq fidelity, and depending on the method used, 
error rate values (expressed as mutations per base pair per template duplication) for Taq DNA 
polymerase range from ~1 × 10-5  to ~2 × 10-4. Moreover, upon characterization of the mutational 
spectrum of the Taq DNA polymerase, it has been shown that A•T → G•C transitions 
predominate due to the propensity of the enzyme to incorporate incoming dCTP with a template 
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thymine nucleotide[15]. For a 1000 bp PCR product, after 30 cycles, the estimated percentage of 
PCR products having an error is 68.4%, which is significant for our research purpose. 
The Taq DNA polymerase was replaced with a high-fidelity KOD DNA polymerase to 
assess if the success rate can be improved. The KOD DNA polymerase shows a 4-fold 
improvement over the Taq DNA polymerase [15]. Using this enzyme, a brighter, cleaner band 
could be observed on the agarose gel after PCR and the number of errors in the full-length 
sequences were fewer. However, KOD DNA polymerase could not produce completely perfect 
assembled products for longer sequences. 
Finally, some deletion errors may occur during the cloning of the assembled gene into the 
E. coli genome. Although the causes of such deletions are unclear, they tend to occur near 
ligation sites in areas of high secondary structure, particularly at the ends of predicted hairpins 
that close loop structures, and at the termini of short sequences identical to those in the E. 
coli genome. However, these may not be the only regions that produce deletions. It has been 
observed that two identical plasmid vectors containing nearly identical sequences may behave 
differently; one may generate the required clone while the other consistently generates clones 
containing deletions (Source: www.idtdna.com). 
Hence, there are many different reaction steps during which an error might occur in the 
assembled DNA sequence, thereby resulting in a low probability of long DNA sequences being 
completely error-free. 
Error correction technologies 
As it is difficult to assemble long genes from 60-mer oligonucleotides without have few 
base-pair errors in them, there are a few upcoming techniques that can help fix this problem. 
61 
 
The ErrAse/CorrectAse DNA error-correction kit is an enzymatic technology that detects 
and corrects mismatched base pairs introduced by short DNA synthesis or during PCR assembly. 
The incubation step with CorrectASE™ enzyme is introduced after the initial PCR assembly of 
oligonucleotides. The PCR product is denatured and reannealed so that any mutations will be 
unmatched. CorrectASE™ enzyme binds to the resulting mismatches and nicks both DNA 
strands 3’ of the error. The 3’to 5’ exonuclease activity of the enzyme removes the errors. A final 
PCR with a proofreading polymerase then assembles the corrected fragments, thus increasing the 
likelihood of isolating clones with the correct sequence. Depending upon the incoming 
oligonucleotide quality, only 2–4 clones need to be screened, compared to 10–16 clones in a 
workflow that does not include the correction step; thereby reducing sequencing costs (Source: 
www.thermofisher.com). This technology has been used to correct the errors in the gene 
segments of the influenza viral genome assembled using Gibson Assembly method [16]. 
Another widely used technique for error correction is site-directed mutagenesis. This 
procedure requires a short DNA primer. The synthetic primer contains the desired mutation (in 
this case, it contains the correct base) and it hybridizes to its complementary part in the template 
DNA. It is then extended by a DNA polymerase that copies the complete gene of interest. 
However, this method has its own drawbacks and it may be difficult to find clones with the 
corrected gene sequence and may not be a viable tool to generate perfectly assembled gene 
sequences. Many new approaches have been developed to improve the efficiency of mutagenesis 
such as PCR site-directed mutagenesis that can be used but require many more additional steps 
and take away from the simplicity of the no-erosion DNA assembly method. Thermo Scientific 
Phusion Site-Directed Mutagenesis Kit is a versatile and efficient tool for introducing point 
mutations, insertions, or deletions in any type of plasmid DNA. With this kit, the entire plasmid 
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is amplified using phosphorylated primers that introduce the desired changes. The amplified, 
linear PCR product, containing the desired mutation, is circularized in a 5-minute ligation 
reaction with T4 DNA Ligase. The resulting plasmid can be then transformed into any 
competent E. coli cells. Thus, errors can be corrected using these kits. 
Another solution for error correction is to re-synthesize the oligonucleotides in which the 
errors were found and conduct the assembly reaction again. The errors that occurred due to faulty 
oligonucleotides will be fixed but it will not be useful for any other type of errors. 
The error correction methods themselves can sometimes be as tedious as the assembly 
itself. In such cases, it is preferable to produce assembled DNA sequences < 1000 bp long as the 
likelihood of getting error-free products of this length is higher. These 1000 bp long sequences 
can be further ligated together using any assembly method to obtain the desired longer DNA 
product. 
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4.1 Abstract 
Opsins are the only class of proteins used for light perception in image-forming eyes. 
Gene duplication and subsequent functional divergence of opsins have played an important 
role in expanding photoreceptive capabilities of organisms by altering what wavelengths of 
light are absorbed by photoreceptors (spectral tuning). However, new opsin copies may also 
acquire novel function or subdivide ancestral functions through changes to temporal, spatial 
or the level of gene expression. Here, we test how opsin gene copies diversify in function and 
evolutionary fate by characterizing four rhabdomeric (Gq-protein coupled) opsins in the 
scallop, Argopecten irradians, identified from tissue-specific transcriptomes. 
 
4.2 Introduction 
Organisms detect environmental stimuli using an array of sensory receptors. Changes 
to the genetic basis of these sensory receptors has been shown to allow organisms to exploit 
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new ecological niches [1] or alter signaling between conspecifics [2], which can affect 
individual fitness and, ultimately, have evolutionary consequences for the species. 
Duplication of the genes that code for the sensory receptor proteins is thought to play an 
important role in expanding the diversity of sensory systems by providing new genetic 
material for novel phenotypes [3]–[6]. If gene duplicates are retained, they can follow one of 
three evolutionary fates - First, if both paralogs have the exact same function or suite of 
functions, the existence of a second copy can increase production levels of encoded protein 
(“gene conservation” [7]). Under this scenario, the second copy provides functional 
redundancy that can buffer against neutral loss-of-function mutations over evolutionary time. 
However, more dramatic functional divergence may occur following the duplication event. In 
the second scenario, if the original gene managed a suite of functions, such as enzymatic 
activity and signal transduction, the duplicated copies could subdivide these tasks 
(“subfunctionalization” [8]). Subfunctionalization of paralogs may include changes in spatial 
or temporal expression patterns [9] and may release one gene copy from adaptive constraint 
(“escape from adaptive conflict” model [10]) so that both copies can be optimized for 
particular tasks [11]. Finally, one copy of the duplicated gene can acquire a novel function 
while the other copy retains the original, pre-duplication function (“neofunctionalization” 
[12]). In photosensory systems, the ability of an animal to become sensitive to a broader 
range of wavelengths is most often mediated by an increase in the number of opsins [13]–
[15]. Opsins encode a class of G-protein coupled receptors (GPCRs), proteins with seven 
alphahelical domains that transverse the cell membrane (helix, H1-7) interspaced by loops 
that extend into the cytoplasm (cytoplasmic loops, CL1-3) and outside of the photoreceptive 
cell (extracellular loops, EC1-3). Opsins covalently bind a light-absorbing vitamin-A derived 
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chromophore, such as 11-cis-retinal, using a lysine residue in H7. Together, the opsin protein 
and chromophore molecule form a photopigment sensitive to a specific portion of the light 
spectrum. Photopigments are often characterized by the wavelength at which the absorbance 
of light is the greatest (λmax). When 11-cis retinal absorbs a light photon, it isomerizes to an 
alltrans state. As a result, the opsin undergoes a conformational change and releases a 
complex of heterotrimeric guanine nucleotide-binding proteins (G-proteins), which are 
specific to that opsin (reviewed in [16]). The dissociated alpha-subunit of the G-protein 
activates the phototransduction cascade through second messenger molecules. Depending on 
the particular transduction pathway initiated by opsin, the photoreceptor cell may either 
hyperpolarize (e.g., Gt-protein coupled opsins in ciliary cells) or depolarize (e.g., Gq-protein 
coupled opsins in rhabdomeric cells) [17]. Opsin specificity to its G-protein partner is 
regulated by G-protein binding sites [18] and is associated with particular amino acid motifs 
in the fourth cytoplasmic loop [19]. Phylogenetically, opsins group into clades based, in part, 
by the G-protein partner and to a lesser extent by photoreceptor type (rhabdomeric versus 
ciliary cells) [20], [21]. Because a photopigment can only absorb a portion of the light 
spectrum, increasing the number and diversity of opsins through gene duplication and 
divergence allows an expansion of the photoresponse to new wavelengths of light. This may 
lead to color discrimination, if the photopigments have different light sensitivities. Under this 
neofunctionalization model, changes in the amino acid residues at positions that interact with 
the chromophore (e.g., “spectral tuning sites”) shift the wavelength at which absorbance is 
the greatest (λmax) of the duplicated visual pigment. Thus, the potential advantages for 
organisms with multiple and genetically diverse photopigments include extending the range 
of spectral perception, new functionality under different light conditions, generation of 
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wavelength-specific behaviors, or providing the molecular substrate in the retina for color 
vision (reviewed in [22]). Any of these phenotypes may allow an animal to occupy new or 
more heterogeneous photic niches [23] . While it is known that duplicated opsin genes most 
often attain a new λmax by neofunctionalization [24], [25] it is less understood what other 
phenotypic outcomes may follow the duplication of opsin genes. Photoreceptors in 
invertebrates occur in multiple tissue types and in different life stages, and can function as 
both ocular and extra-ocular sensory receptors [26]–[28]. Thus, in invertebrates, 
neofunctionalization of opsins may include co-option between tissues, organs, or life stages 
after a gene duplication event. In order to distinguish among different evolutionary outcomes 
of opsin duplication and what effect gene duplication may have in the evolution of the 
photoreceptive cells and organs in a given system [29], it is necessary to first identify and 
then characterize the diversity of opsin proteins that are present. Here, we assess the 
evolutionary history of Gq-opsins in scallop to examine the role of gene duplication in 
producing extant diversity. The molecular basis of photoreception in the scallop is complex. 
The mirror-type eyes of scallops contain at least two different phototransduction systems 
based on opsins that presumably couple with Go- and Gq-proteins [30]. Previously, a 
duplication event of scallop Gq-protein coupled opsins that occurred over 230 Mya was 
identified [31]. Because gene copies with identical gene function are unlikely to be 
maintained in the genome unless the new duplicate is advantageous, the long-term retention 
of these opsin duplicates in the scallop lineage suggests a fitness cost if the copies are not 
maintained. For these duplicates to persist over evolutionary time, opsin copies must have 
diverged phenotypically under one or more of the evolutionary fate models described above. 
To test this hypothesis, we determined the evolutionary fates of these duplicated scallop 
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opsins. We first captured the genetic diversity of Gq-protein coupled opsin genes (herein 
opnGq for the gene or the coding region, and OPNGq for the protein) by generating 
transcriptomes of photosensitive tissues from adult animals and placed the genetic diversity 
of scallop Gq-opsins into an evolutionary framework by employing a phylogenetic analysis. 
We next asked how might these scallop OPNGq proteins interact with a chromophore. To do 
so, we capitalized on the x-ray crystallography data from the squid OPNGq (“squid 
rhodopsin”) [32], [33] to model the tertiary structure of the scallop OPNGqs. Then, we 
examined if the protein characteristics of each paralog differ. As a first approximation to 
identify differences in λmax among scallop Gq-opsins, we leveraged existing computational 
models that estimate electrostatic interactions between the amino acids and the chromophore 
of squid OPNGq and applied them to the scallop data. Finally, we examined differences in 
gene expression of opnGq paralogs across both ocular and extra-ocular photoreceptive 
organs. From these lines of evidence, we show that scallop Gq-opsin paralogs differ in 1) the 
biochemical properties of amino acid residues interacting with the chromophore; 2) 
expression levels of the gene; and 3) spatial expression of the gene among light-sensitive 
tissues in the adult organisms. 
My particular contribution to this work includes protein structure modeling and 
corresponding bioinformatics analysis. This involves checking the quality of the modeled 
protein structures, identifying sequence and structural motifs and the specific residues that 
participate in chromophore binding using computational tools. 
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4.3 Materials and Method 
Transcriptome assembly and gene analyses  
Thirty-six adult individuals of the bay scallop, Argopecten irradians (Pectinidae), 
were collected from the Gulf of Mexico near Sanibel, Florida during July, 2012. The adults 
were kept in recirculating saltwater tanks under a light regime of 13 h of light and 11 h of 
dark per 24-h cycle. The tissues from dark-treated scallops were dissected under red-light. 
All eyes from the left and right mantles were collected and pooled for each animal (~60 
eyes/individual). Small sections of mantle tissue were sampled along the anterior-posterior 
axis from both left and right valves and pooled for each individual. A portion of adductor 
muscle equivalent in volume to the dissected eye tissue was collected from each individual. 
RNA was extracted from the three tissue types using the Ambion RiboPure RNA extraction 
kit (Life Technologies). RNA samples from the tissues of one light-treated and one dark-
treated individual were sent to the Iowa State University DNA Facility for library creation 
and transcriptome sequencing on an Illumina HiSeq2000. Nearly 1.5 trillion 100 base pair 
(bp) paired end reads were generated from six libraries: light/dark eyes, light/dark mantle, 
and light/dark adductor. A de novo assembly of a reference transcriptome from all six 
libraries was created in the Trinity sequence assembly and analysis pipeline [34] by first 
normalizing the raw reads to remove redundancy with the Trimmomatic script, then 
assembling the quality trimmed reads. This assembly resulted in 231,391 transcripts with a 
contig N50 of 2078 and an average contig length of 971 bp. The assembled transcriptome 
data was given the reference name of “AirradFL.” Opsin sequences from two other scallop 
species [35] were used as queries to identify Gq-opsin sequences in the AirradFL reference 
transcriptome using BLAST. Putative opsin sequences from the AirradFL reference 
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transcriptomes were blasted back to the NCBI nonredundant (nr) database to further confirm 
the sequence identities. Gene and protein nomenclature follows the general guidelines in 
invertebrate model organisms (e.g., http://www.wormbase.org), where gene and transcript 
names (italicized) are composed of a three-letter species prefix, followed by a hyphen, the 
class (homolog) of the gene, and a number (e.g., AiropnGq1). The number provides the order 
of gene discovery of paralogs within a species or lineage. Proteins use the gene name, with 
the gene abbreviation without italics and in all uppercase (e.g., Air-OPNGq1).  
 
Homology modeling of scallop Gq-opsins  
To identify amino acid changes that may result in functional differences among 
scallop Gq-opsins, we compare the Air-OPNGqs to the only molluscan opsin with a resolved 
crystal structure, the Todarodes pacificus “rhodopsin” (Tpa-OPSGq1; Genbank accession 
X70498) [32]. We followed the amino acid numbering system of the squid where the first 
amino acid position in our alignment begins with the start codon (Met) of TpaOPNGq1. To 
examine the degree of resemblance among protein sequences, we calculated pairwise percent 
similarity of the scallop and squid amino acid sequences in the BLASTP 3.2.1 [36], [37] at 
NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). We also used the protein 
alignment to identify amino acid residues that may interact with the chromophore. We 
applied a quantum mechanics/molecular mechanics model based on the crystal structure of 
Tpa-OPNGq1s [38], which predicts the involvement of 38 sites in spectral tuning of Gq-
opsins. We examined differences in the Air-OPNGq and Tpa-OPNGq1 sequences at these 
sites and noted changes in the biochemical properties of the residues. Next, we employed 
bioinformatic homology modeling to predict the tertiary structure of the four scallop Gqopsin 
proteins. These models were based on the template of the only available crystal structure for 
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a Gqopsin, the rhodopsin from squid Todarodes pacificus 2ZIY [33]. The tertiary structure 
models of four scallop opsins (Air-OPNGq1, Air-OPNGq2, Air-OPNGq3 and Air-OPNGq4) 
were predicted using the Iterative Threading ASSEmbly Refinement (I-TASSER) server 
[39], [40]. The squid 2ZIY template was used to retrieve model proteins of similar folds from 
the Protein Data Bank (PDB) library using a locally installed meta-threading library. The 
continuous fragments excised from PDB templates were re-assembled into full-length models 
by replica- exchange Monte Carlo simulations and the unaligned regions were built by ab-
initio modeling. The structure was then further refined with a second fragment assembly 
simulation. No restraints such as interresidue contacts or inter-residue distances were 
specified for the modeling. For each Gq-opsin, the top five predicted structures from I-
TASSER were used for further quality assessment. 
 
Assessing the quality of the modeled tertiary structures  
The quality of the modeled structures was assessed using the Ramachandran plot and 
the confidence score (Cscore) from the I-TASSER server. The Ramachandran plot is a graph 
of the backbone dihedral angles ψ against ϕ of the amino acid residues in the structure. Good 
quality models have more than 90% of the residues in allowed regions (i.e. most favored and 
additionally allowed regions) of the Ramachandran plot. The Ramachandran plot of the 
modeled structures was obtained using PROCHECK [41] which has been implemented as 
part of the PDBSum Server [42]. The C-score (from I-TASSER server) is a scoring function 
to rank models based on their quality and is defined using the significance of threading 
template alignments and the convergence parameters of the structure assembly simulations 
(for more details see [39]). C-scores are typically between −5 and 2 with higher values 
representing better models. However, it has been observed that the C-score is particularly 
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low (and negative) for membrane proteins. The “best” models of the four Gq-opsin 
sequences were selected based on the highest C-score and maximum percentage of residues 
in the most favored and generously allowed regions according to the Ramachandran plots. To 
quantify the overall shape differences among Gqopsin tertiary structures, we performed a 
whole molecule comparison between the predicted tertiary models calculating the Root-
Mean-Square Deviation (RMSD) of the atomic positions of the alpha carbons between one 
opsin against each other. RMSD provided a quantitative computation of the average distance 
between the backbone atoms of two superimposed proteins. Variation in Air-OPNGq 
sequence length did not impact the RMSD values because a small portion of the N- and most 
of the C-termini were truncated from each sequence so the comparison occurs only between 
superimposed atoms. For RMSD comparison, only common one-to-one aligned residues, 
were included (V19 to K342). The values between each pair of structures were calculated 
using the standard ‘align’ program in PyMOL (The PyMOL Molecular Graphics System, 
Version 1.2r3pre, Schrödinger, LLC). Lower RMSD values indicate a higher similarity 
between structures. 
4.4 Results  
Transcriptomic and phylogenetic analyses reveal four Gq-opsin genes in scallop  
To determine the number of Gq-opsin genes in scallop, we performed deep 
transcriptome sequencing of tissue specific libraries derived from dissected eyes, mantle 
tissue, and adductor muscle of Argopecten irradians. From light and dark treated animals, 
four transcripts were identified as putative opnGqs using a similarity-based analysis pipeline 
described in Pairett and Serb [35], which we named Air-opnGq1, Air-opnGq2, Air-opnGq3, 
and Air-opnGq4 with ascending numbering according to the history of discovery (GenBank 
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accession numbers KT426908, KT426909 KT426910, and KT426911). Visual inspection of 
the back mapped reads to each identified Gq-opsin sequence did not show any obvious 
misassembled regions or mismatches. The proteins varied in amino acid percent similarity 
(the ratio of residues with similar physio-chemical properties shared between two sequences), 
which were the greatest between OPNGq2 and Air-OPNSGq3 at 80.9%, and lowest between 
Air-OPNGq1 and Air-OPNGq4 (72.9%) (Table 4.1). Amino acid percent similarity was more 
conserved between the aligned Helix 1 (H1) through H7, and ranged from 92.6% (Air-
OPNGq2 versus Air-OPNGq3) to 76.9% (Air-OPNGq1 versus Air-OPNGq4). Transcripts 
also differed in the sequence length from the first Met codon to the beginning of H1 (35–49 
amino acids) and between the end of H7 and the stop codon (135–184 amino acids) (Figure 
4.1; Table 4.2). 
 
Table 4.1. Percent similarity (below diagonal) and RMSD (above diagonal) of scallop (Air) and squid 
(Tpa) proteins. 
 
  Air-OPNGq1 Air-OPNGq2 Air-OPNGq3 Air-OPNGq4 
Tpa-
OPNGq1 
Air-OPNGq1 - 0.378b 0.354 0.489 0.589 
Air-OPNGq2 74.7 (78.9) a - 0.408 0.603 0.503 
Air-OPNGq3 74.7 (77.9) 80.9 (92.6) c - 0.699 0.601 
Air-OPNGq4 72.9 (76.9) 76.9 (85.6) 74.6 (88.1) - 0.549 
Tpa-OPNGq1 71.0 (72.4) 73.4 (73.8) 75.2 (75.8) 73.3 (74.7) - 
a Percent similarity of amino acid sequence alignments from first methionine to stop codons; values in 
parentheses are percent identity from Helix 1 through Helix 7 
b Atomic values in angstroms, where the lower the RMSD value, the higher is the similarity between structures 
c Numbers in bold indicate minimum and maximum value
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Figure 4.1. Amino acid alignment of Gq-opsins from scallop (Air-OPNGq1-OPNGq4) and 
squid, Todarodes pacificus (Tpa-OPNGq1). The alpha-helix domains are based on protein structure 
homology modeling (this study) or have been adapted from Shimamura et al. [52]. Sequence motifs 
described in Table 4.2 are in blue; residues important for structural confirmation are in yellow. Numbering 
of amino acid positions begins with the start codon (Met) of Tpa-OPNGq1 
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Table 4.2. Sequence and structural motifs in scallop (Air) and squid (Tpa) Gq-opsins. 
 
Motifs 
Air-OPNGq1 
493 aa 
Air-OPNGq2 
456 aa 
Air-OPNGq3 
519 aa 
Air-OPNGq4 
481 aa 
Tpa-OPNGq1 
448 aa 
LxxxD TMII (pos 
76–80) 
LAVSD LALSD LALSD LALSD LAFSD 
Disulfide bond C108, C186 C108, C186 C108, C186 C108, C186 C108, C186 
Hydrogen bond with 
Schiff base 
N87, Y111 N87, Y111 N87, Y111 N87, Y111 N87, Y111 
E/DRY TMIII (pos 
132–134) 
DRY DRC DRF DRF DRY 
Counterion E180 E180 E180 E180 E180 
LAK TMVII (pos 
305–307) 
LAK LAK LAK LAK FAK 
NPxxY TMVII (pos 
311–315) 
NPIIY NPIVY NPIVY NPLVY NPMIY 
G-protein binding 
(pos 319–321) 
HPK HPK HPK HPR HPK 
The amino acid numbering system follows the amino acid position (pos) of squid rhodopsin 
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To determine how Air-OPNGqs were evolutionarily related to other Gq-opsins, we 
conducted a phylogenetic analysis of their translated amino acid sequences with 96 metazoan 
opsins. Under both maximum likelihood and Bayesian inference, all four scallop sequences 
belonged to a clade that included Gq-opsins from four other bivalve species: two oysters 
(Pinctada fucata, Crassostrea gigas) and two additional scallops (Placopecten magellanicus, 
Mizuhopecten yessoensis) (Figure 4.2, green box). Within this clade, there was one difference 
between the ML and BI topologies, where ML placed the two oyster OPNGq1s as the sister 
group to the scallop Gq-opsins 2–4, and the BI topology placed all bivalve OPNGq1s in a 
single clade. However, values supporting these relationships were low (47% bootstrap 
support; 54 posterior probability). The bivalve-specific Gq-opsin clade (OPNGq1-4) was the 
sister group to a clade of opsins from cephalopod and gastropod molluscs, and part of a 
larger clade of well-characterized vertebrate (e.g., melanopsin) and arthropod (e.g., 
Drosophila rhodopsin) Gq-opsins (Figure 4.2). A second molluscan Gq-opsin clade was also 
recovered which contained oyster and gastropod opsins, but no scallop opsins (Figure 4.2, 
red box). We then asked whether the four scallop Gq-opsins possess the specific amino acid 
residues and sequence motifs required for photosensitivity. In addition to the seven 
transmembrane α-helices, it has been experimentally demonstrated that Gq-opsin proteins 
require certain sequence motifs to maintain structural integrity and bind to the chromophore 
[43]. These include: 1) two Cys residues in the TM3 and EC2 domains that are involved in 
disulfide bond formation, 2) a Glu180 in the EC2 that functions as a counter ion to the 
positive charge of the protonated Schiff base [44], 3) a E/DRY motif near the TM3/CL2 
boundary that helps stabilize the inactive-state conformation [45], 4) Asn87 and Tyr111 
residues that are hydrogen binding partners for the protonated Schiff base [33], 5) a lysine 
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residue in TM7 that is covalently linked to the chromophore, and 6) a conserved NPxxY 
motif in the TM7 [74]. We found that all four scallop proteins were invariant for the expected 
amino acid residues and motifs needed for correct conformation with the exception of the E/ 
DRY motif (Table 4.2). This motif was variable among the scallop opsins, where Y134C in 
Air-OPNGq2 and Y134F in Air-OPNGq3 and Air-OPNGq4. In addition, we examined a 
motif (positions 319–321) in the fourth cytoplasmic loop, which has been experimentally 
demonstrated to be important for opsin-Gt-protein interactions (positions 310–312 in bovine 
rhodopsin) [18]. Three of the four scallop opsins contain a HPK motif, an evolutionary 
conserved sequence that appears to be specific to Gq-protein binding [46] (Table 4.2). Air-
OPNGq4 had a HPR motif, but R has similar biochemical properties to K. Based on these 
data, we conclude that the four transcripts are indeed OPNGqs possessing the amino acid 
residues required for molecular stabilization, chromophore binding, and G-protein interaction 
and thus likely form photopigments.  
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Figure 4.2. Maximum likelihood (ML) topology of Gq-opsins. The phylogenetic tree is based on aligned 
amino acid sequences with scallop Go-opsin as the outgroup. Support values (>50%) of nodes were generated 
by 1000 bootstrap replicates in RAxML. Support values after the ‘/’ are posterior probabilities from a Bayesian 
phylogenetic analysis (BI). Support values <50% are indicated by a ‘-’. The single difference between the ML 
and BI topologies occurs within the bivalve Gq-opsin clade (green) and is highlighted with an asterisk 
‘*’. Argopecten irradians Gq-opsins (Air-OPNGqs) from this study are in bold. Two molluscan Gq-opsin clades 
were recovered, but only one clade (green) contained scallop Gq-opsins from Argopecten irradians (Air-
OPNGqs), Mizuhopecten yessoensis (Mye-OPNGqs), or Placopecten magellanicus (Pma-OPNGqs). Two large 
clades of arthropod opsins that represent UV and long-wavelength (LW) opsins and a vertebrate Gi–opsin clade 
were collapsed for space. 
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Predicted tertiary structure and chromophore-associated residues differ among scallop 
Gq-opsins 
 We generated three-dimensional models for each AirOPNGq using crystallography 
data from the squid “rhodopsin” [33] as a template for homology models. This allowed us to 
examine differences in the tertiary structure among the four Gq-opsin sequences. The best 
model for each Air-OPNGq was selected based on the highest C-score and maximum 
percentage of residues in the most favored and generously allowed regions according to the 
Ramachandran plots (Table 4.3). To quantify the overall shape differences among Gqopsin 
tertiary structures, we performed a whole molecule comparison between the predicted tertiary 
models calculating the Root-Mean-Square Deviation (RMSD) of the atomic positions of the 
alpha carbons between one opsin against each other. Based on the RMSD of atomic values, 
tertiary structures differed from 0.354 to 0.699 Å, where lower RMSD values indicate higher 
similarity between structures (Table 4.1). Predicted tertiary structures were the most similar 
among Air-OPNGq1, Air-OPNGq2, and Air-OPNGq3 proteins (RMSD ranged between 
0.354 and 0.408), while Air-OPNGq3 was most different from Air-OPNGq4 (RMSD = 
0.699) (Table 4.1). Air-OPNGq3 and Air-OPNGq4 are more different in tertiary structure 
from each other than either are to squid rhodopsin (RMSD = 0.503 and 0.601). We then 
examined if the positions predicted to interact with the chromophore differ in their residues 
among the four scallop Gq-opsins. We employed results from a quantum 
mechanics/molecular mechanics (QM/MM) model based on the Tpa-OPNGq1 crystal 
structure [66]. This model predicts 38 amino acid sites that may play a role in spectral tuning 
of Gq-opsins. The scallop Gq-opsins differed from the Tpa-OPNGq1 at seven of the 38 
positions, but only three of these had residues with another biochemical property (Figure 4.3, 
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blue dots). Among the four scallop Gq-opsins, seven of the 38 positions varied (Figure 4.3, 
red dots). At four positions, at least one of the scallop opsins had an amino acid residue with 
a different biochemical property. Position 92 was the most divergent among Air-OPNGq 
proteins and included nonpolar aliphatic/hydrophobic (Air-OPNGq1 and AirOPNGq2) and 
aromatic residues (Air-OPNGq3), while Air-OPNGq4 had a positive polar residue (Lys) at 
this position. At position 275, a conserved serine was substituted by cysteine in Air-
OPNGq4, and at position 306, adjacent to the lysine forming the Schiff base, AirOPNGq1 
and Air-OPNGq4 have an hydrophilic residue instead of an hydrophobic/aliphatic residue 
(Figure 4.3). 
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Table 4.3. Ramachandran plot values and C-scores for top Gq-opsin models 
 
Model 
number 
% 
residues in 
most 
favored 
regions 
% 
residues in 
additionall
y allowed 
regions 
% 
residues in 
generously 
allowed 
regions 
% 
residues in 
disallowed 
regions C-scores 
Air-
OPNGq1 
1 
85.4 10.9 2.5 1.2 -1.95 
 
2 87.3 8.6 2.3 1.9 -2.05 
 
3 83.6 12.7 2.1 1.6 -2.53 
 
4 84.7 10.6 3.7 0.9 -3.06 
 
5 85.4 10.2 2.1 2.3 -2.53 
  
     Air-
OPNGq2 
1 
85.6 10.6 1.8 2.0 -0.85 
 
2 87.4 7.6 2.3 2.8 -2.01 
 
3 85.9 7.1 4.8 2.3 -2.22 
 
4 87.9 8.8 1.5 1.8 -1.35 
 
5 87.4 7.8 3.3 1.5 -2.00 
  
     Air-
OPNGq3 
1 
83.6 10.7 3.3 2.4 -2.17 
 
2 86.0 9.2 2.6 2.2 -2.33 
 
3 88.8 8.3 1.5 1.3 -2.44 
 
4 84.0 11.6 3.5 0.9 -2.56 
 
5 86.0 7.9 3.5 2.6 -2.70 
Air-
OPNGq4 
1 
87.2 8.5 2.4 1.9 -1.98 
 
2 86.7 7.8 3.1 2.4 -2.25 
 
3 84.4 12.6 2.6 0.5 -2.42 
 
4 83.9 11.4 2.1 2.6 -2.37 
 
5 88.2 6.9 4.0 0.9 -2.34 
  
     Tpa-
OPNGq1  70.4 27.1 2.1 0.3 
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Note – For each Air-OPNGq, the top five models reported by I-TASSER were analyzed for 
their quality using PROCHECK and the C-score. All the reported models have > 90% of 
their residues in allowed regions of the Ramachandran plot, indicating a good quality model. 
The C-scores for the best models was in the range of -3 to -2. While these values are lower 
than the suggested cutoff of -1.5, this is not unexpected for GPCRs because there are 
relatively few solved GPCR protein structures and GPCRs often show high sequence 
diversity. The best model for each Air-OPNGq (highlighted) was selected as the structure 
having the highest C-score and highest percentage of residues in allowed regions of the 
Ramachandran plot. 
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Figure 4.3. 38 amino acid sites predicted to interact with chromophore in Gq-opsins. Predicted amino acids 
forming the chromophore pocket from a QM/MM model based on the Tpa-OPNGq1 crystal structure from 
Sekharan et al. [66]. We have inferred the putative chromophore pocket in scallop Gq-opsins by aligning all 
Air-OPNGqs against Tpa-OPNGq1. Blue dots indicated seven amino acid positions where all scallop Gq-opsins 
have the same residues and they differ from the Tpa-OPNGq1. Red dots identify the seven positions where 
amino acid residues differ among the four scallop Gq-opsins. Numbering is based on Tpa-OPNGq1. The 
residues are colored according to their physicochemical properties under the zappo color scheme in Jalview v2. 
Numbering of amino acid positions begins with the start codon (Met) of Tpa-OPNGq1; EC, extra cellular loop 
 
4.5 Discussion 
We present evidence that all four Air-opnGqs products, when reconstituted with the 
proper chromophore, could form photopigments. Each scallop Gq-opsin has the sequence 
motifs necessary for protein conformation and chromophore binding (Table 4.2). Tertiary 
structural models developed for each Air-OPNGq contain the expected protein domains and 
loops for a functional opsin protein. Interestingly, all four scallop protein models predict 
eighth and ninth cytoplasmic α-helices (Figure 4.1), features unique to Gq-opsins [32]. In the 
Tpa-OPNGq1 crystal structure, the C-terminus of H9 interacts with the cytoplasmic 
extension of H6, that together with H5 form a rigid column projecting 25 Å from the 
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membrane surface; however the rotational freedom of H9 is restricted by its interactions with 
H8. Thus, others have predicted that this four-domain cytoplasmic feature, in conjunction 
with the HKP motif in H8 [19], functions as the recognition mechanism for specific G-
protein partners [32]. In summary, our bioinformatic analyses support that all four scallop 
Gq-opsins form photopigments that could be used to detect light. How might these gene 
copies have diverged after the duplication event? Molecular changes in paralogous scallop 
opsin genes appeared to have occurred both outside and within the protein-coding region.  
Spectral sensitivity may differ among the scallop Gq-opsin photopigments. We 
identified changes in amino acid sequence at seven sites that are predicted to influence 
spectral tuning of Gq-opsins [38]. The electrostatic contribution of individual residues at 
these sites has been modeled previously on Tpa-OPNGq1 [38], [44]. Among the scallop Gq-
opsins, residues at position 92 had the most dissimilar biochemical properties (nonpolar 
aliphatic/hydrophobic in Air-OPNGq1 and Air-OPNGq2; aromatic in Air-OPNG3; positive 
polar in Air-OPNGq4). Position 306 is also of interest because there is a difference in charge 
and a presence/absence of a hydroxyl group. Air-OPNGq1 and Air-OPNGq4 have a polar, 
hydroxyl-bearing Thr306 while Air-OPNGq2 and Air-OPNGq3 contain a non-polar Ala306. 
Evidence from previous studies [47], [48] suggests that shifts in λmax values can be achieved 
via a change of charge (polar vs non-polar) or a gain/loss of a hydroxyl group that ultimately 
affects the electrostatic potential around the protonated Schiff base [38]. Based on our 
results, we hypothesize that the λmax may differ among some or all of the Air-OPNGqs. This 
hypothesis contradicts results from previous studies where only a single λmax value was 
measured for depolarizing rhabdomeric photoreceptors λ. 
 
85 
 
4.6 References 
[1] A. J. Porath-Krause, A. N. Pairett, D. Faggionato, B. S. Birla, K. Sankar, and J. M. 
Serb, “Structural differences and differential expression among rhabdomeric opsins 
reveal functional change after gene duplication in the bay scallop, Argopecten 
irradians (Pectinidae).,” BMC Evol. Biol., vol. 16, no. 1, p. 250, 2016. 
[2] A. D. Briscoe et al., “Female Behaviour Drives Expression and Evolution of Gustatory 
Receptors in Butterflies,” PLoS Genet., vol. 9, no. 7, 2013. 
[3] W. E. Grus and J. Zhang, “Rapid turnover and species-specificity of vomeronasal 
pheromone receptor genes in mice and rats,” Gene, vol. 340, no. 2, pp. 303–312, 2004. 
[4] S. Yokoyama, “MOLECULAR GENETIC BASIS OF ADAPTIVE 
SELECTION:Examples From Color Vision in Vertebrates,” Annu. Rev. Genet., vol. 
31, no. 1, pp. 315–336, 1997. 
[5] F. D. Frentiu, G. D. Bernard, M. P. Sison-Mangus, A. Van Zandt Brower, and A. D. 
Briscoe, “Gene duplication is an evolutionary mechanism for expanding spectral 
diversity in the long-wavelength photopigments of butterflies,” Mol. Biol. Evol., vol. 
24, no. 9, pp. 2016–2028, 2007. 
[6] D. Dong, G. Jones, and S. Zhang, “Dynamic evolution of bitter taste receptor genes in 
vertebrates.,” BMC Evol. Biol., vol. 9, p. 12, 2009. 
[7] Y. Niimura and M. Nei, “Extensive gains and losses of olfactory receptor genes in 
mammalian evolution,” PLoS One, vol. 2, no. 8, 2007. 
[8] J. Zhang, “Evolution by gene duplication: An update,” Trends Ecol. Evol., vol. 18, no. 
6, pp. 292–298, 2003. 
[9] A. Force, M. Lynch, and J. Postlethwait, “Preservation of duplicate genes by 
subfunctionalization.,” in American Zoologist, 1999, vol. 39, no. 5, p. 78A–78A. 
[10] T. C. Spady, J. W. L. Parry, P. R. Robinson, D. M. Hunt, J. K. Bowmaker, and K. L. 
Carleton, “Evolution of the cichlid visual palette through ontogenetic 
subfunctionalization of the opsin gene arrays,” Mol. Biol. Evol., vol. 23, no. 8, pp. 
1538–1547, 2006. 
[11] C. T. Hittinger and S. B. Carroll, “Gene duplication and the adaptive evolution of a 
classic genetic switch.,” Nature, vol. 449, no. 7163, pp. 677–681, 2007. 
 
86 
 
[12] J. Piatigorsky and G. Wistow, “The recruitment of crystallins: new functions precede 
gene duplication,” Science (80-. )., vol. 252, no. 5009, pp. 1078–1080, 1991. 
[13] S. Ohno, Evolution by gene duplication. Springer Science & Business Media, 2013. 
[14] S. Yokoyama, “Molecular evolution of color vision in vertebrates,” Gene, vol. 300, no. 
1–2, pp. 69–78, 2002. 
[15] M. L. Porter, M. J. Bok, P. R. Robinson, and T. W. Cronin, “Molecular diversity of 
visual pigments in Stomatopoda (Crustacea),” Vis. Neurosci., vol. 26, no. 3, pp. 255–
265, 2009. 
[16] R. Futahashi et al., “Extraordinary diversity of visual opsin genes in dragonflies.,” 
Proc. Natl. Acad. Sci. U. S. A., pp. 1247–1256, 2015. 
[17] K. Palczewski, “G protein–coupled receptor rhodopsin,” Annu. Rev. Biochem., vol. 75, 
pp. 743–767, 2006. 
[18] S. Yarfitz and J. B. Hurley, “Transduction mechanisms of vertebrate and invertebrate 
photoreceptors,” J. Biol. Chem., vol. 269, no. 20, pp. 14329–14332, 1994. 
[19] E. P. Marin, A. G. Krishna, T. A. Zvyaga, J. Isele, F. Siebert, and T. P. Sakmar, “The 
amino terminus of the fourth cytoplasmic loop of rhodopsin modulates rhodopsin-
transducin interaction,” J. Biol. Chem., vol. 275, no. 3, pp. 1930–1936, 2000. 
[20] D. C. Plachetzki, B. M. Degnan, and T. H. Oakley, “The origins of novel protein 
interactions during animal opsin evolution,” PLoS One, vol. 2, no. 10, 2007. 
[21] M. L. et al. Porter, “Shedding new light on opsin evolution,” Proc. Biolocial Sci., vol. 
279, no. 1726, pp. 3–14, 2012. 
[22] R. Feuda, O. Rota-Stabelli, T. H. Oakley, and D. Pisani, “The comb jelly opsins and 
the origins of animal phototransduction,” Genome Biol. Evol., vol. 6, no. 8, pp. 1964–
1971, 2014. 
[23] T. W. Cronin and M. L. Porter, “The evolution of invertebrate photopigments and 
photoreceptors,” in Evolution of visual and non-visual pigments, Springer, 2014, pp. 
105–135. 
[24] D. J. Rennison, G. L. Owens, and J. S. Taylor, “Opsin gene duplication and divergence 
in ray-finned fish,” Mol. Phylogenet. Evol., vol. 62, no. 3, pp. 986–1008, 2012. 
[25] K. S. Dulai et al., “The Evolution of Trichromatic Color Vision by Opsin Gene 
Duplication in New World and Old World Primates The Evolution of Trichromatic 
87 
 
Color Vision by Opsin Gene Duplication in New World and Old World Primates,” pp. 
629–638, 1999. 
[26] A. D. Briscoe, “Functional diversification of lepidopteran opsins following gene 
duplication.,” Mol. Biol. Evol., vol. 18, no. 12, pp. 2270–2279, 2001. 
[27] T. H. Oakley and D. R. Huber, “Differential expression of duplicated opsin genes in 
two eye types of ostracod crustaceans,” J. Mol. Evol., vol. 59, no. 2, pp. 239–249, 
2004. 
[28] J. Spaethe and A. D. Briscoe, “Early duplication and functional diversification of the 
opsin gene family in insects,” Mol. Biol. Evol., vol. 21, no. 8, pp. 1583–1594, 2004. 
[29] M. J. Henze, K. Dannenhauer, M. Kohler, T. Labhart, and M. Gesemann, “Opsin 
evolution and expression in Arthropod compound Eyes and Ocelli: Insights from the 
cricket Gryllus bimaculatus,” BMC Evol. Biol., vol. 12, no. 1, p. 163, 2012. 
[30] A. S. Rivera et al., “Gene duplication and the origins of morphological complexity in 
pancrustacean eyes, a genomic approach.,” BMC Evol. Biol., vol. 10, p. 123, 2010. 
[31] D. Kojima, A. Terakita, T. Ishikawa, Y. Tsukahara, A. Maeda, and Y. Shichida, “A 
novel Go-mediated phototransduction cascade in scallop visual cells,” J. Biol. Chem., 
vol. 272, no. 37, pp. 22979–22982, 1997. 
[32] J. M. Serb, A. J. Porath-Krause, and A. N. Pairett, “Uncovering a gene duplication of 
the photoreceptive protein, opsin, in scallops (bivalvia: Pectinidae),” Integr. Comp. 
Biol., vol. 53, no. 1, pp. 68–77, 2013. 
[33] M. Murakami and T. Kouyama, “Crystal structure of squid rhodopsin.,” Nature, vol. 
453, no. 7193, pp. 363–367, 2008. 
[34] T. Shimamura et al., “Crystal structure of squid rhodopsin with intracellularly 
extended cytoplasmic region,” J. Biol. Chem., vol. 283, no. 26, pp. 17753–17756, 
2008. 
[35] B. J. Haas et al., “De novo transcript sequence reconstruction from RNA-seq using the 
Trinity platform for reference generation and analysis,” Nat. Protoc., vol. 8, no. 8, pp. 
1494–1512, 2013. 
[36] A. N. Pairett and J. M. Serb, “De Novo Assembly and Characterization of Two 
Transcriptomes Reveal Multiple Light-Mediated Functions in the Scallop Eye 
(Bivalvia: Pectinidae),” PLoS One, vol. 8, no. 7, 2013. 
88 
 
[37] S. F. Altschul et al., “Gapped BLAST and PSI-BLAST:a new generation of protein 
database search programs,” Nucleic Acids Res, vol. 25, no. 17, pp. 3389–3402, 1997. 
[38] S. F. Altschul et al., “Protein database searches using compositionally adjusted 
substitution matrices,” FEBS J., vol. 272, no. 20, pp. 5101–5109, 2005. 
[39] S. Sekharan, J. N. Wei, and V. S. Batista, “The active site of melanopsin: the 
biological clock photoreceptor,” J. Am. Chem. Soc., vol. 134, no. 48, pp. 19536–
19539, 2012. 
[40] Y. Zhang, “I-TASSER server for protein 3D structure prediction.,” BMC 
Bioinformatics, vol. 9, p. 40, 2008. 
[41] A. Roy, A. Kucukural, and Y. Zhang, “I-TASSER: a unified platform for automated 
protein structure and function prediction,” Nat. Protoc., vol. 5, no. 4, pp. 725–738, 
2010. 
[42] R. A. Laskowski, E. G. Hutchinson, A. D. Michie, A. C. Wallace, M. L. Jones, and J. 
M. Thornton, “PDBsum: A Web-based database of summaries and analyses of all 
PDB structures,” Trends Biochem. Sci., vol. 22, no. 12, pp. 488–490, 1997. 
[43] B. Langmead, C. Trapnell, M. Pop, and S. L. Salzberg, “Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome,” Genome Biol., 
vol. 10, no. 3, p. R25, 2009. 
[44] D. M. Rosenbaum, S. G. F. Rasmussen, and B. K. Kobilka, “The structure and 
function of G-protein-coupled receptors,” Nature, vol. 459, no. 7245, pp. 356–363, 
2009. 
[45] S. Sekharan, A. Altun, and K. Morokuma, “Photochemistry of Visual Pigment in a Gq 
Protein‐Coupled Receptor (GPCR)—Insights from Structural and Spectral Tuning 
Studies on Squid Rhodopsin,” Chem. Eur. J., vol. 16, no. 6, pp. 1744–1749, 2010. 
[46] R. Vogel, M. Mahalingam, S. Lüdeke, T. Huber, F. Siebert, and T. P. Sakmar, 
“Functional Role of the ‘Ionic Lock’-An Interhelical Hydrogen-Bond Network in 
Family A Heptahelical Receptors,” J. Mol. Biol., vol. 380, no. 4, pp. 648–655, 2008. 
[47] D. C. Plachetzki and T. H. Oakley, “Key transitions during the evolution of animal 
phototransduction: Novelty, ‘tree-thinking,’ co-option, and co-duplication,” Integr. 
Comp. Biol., vol. 47, no. 5, pp. 759–769, 2007. 
 
89 
 
[48] A. B. Asenjo, J. Rim, and D. D. Oprian, “Molecular determinants of human red/green 
color discrimination,” Neuron, vol. 12, no. 5, pp. 1131–1138, 1994. 
[49] S. Yokoyama, T. Tada, H. Zhang, and L. Britt, “Elucidation of phenotypic 
adaptations: Molecular analyses of dim-light vision proteins in vertebrates.,” Proc. 
Natl. Acad. Sci. U. S. A., vol. 105, no. 36, pp. 13480–13485, 2008. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
90 
 
CHAPTER 5. GENERAL CONCLUSIONS 
 
Synthetic biology is a rapidly evolving field with new technologies being developed 
to assemble shorter fragments of DNA into genes and genomes. Among the current DNA 
assembly methods, the overlap based assemblies are increasingly popular due to the ease of 
procedure as well as scarless assembled sequence. Currently, there are few tools available for 
efficient design of fragment sets for assembly, some of which are specific to be used with a 
particular assembly method. 
In my dissertation, I have demonstrated the successful application of the 
thermodynamic analysis software PICKY to design DNA fragments that can be assembled 
into genes. With the addition of some Perl programs to process PICKY data outputs, we can 
design a complete dsDNA or oligonucleotide fragment set for assembly. I designed the 
fragment sets and validated the construction of three different genes using the modified 
Gibson Assembly method in Chapter 2. 
Due to the limitations of the Gibson method, I developed a new ligation based 
assembly method that does not need a key exonuclease enzyme for assembly in Chapter 3. 
The results of both methods for the assembly of the same 1254 bp tetracycline resistance 
gene were comparable. However, on attempting to push the boundaries on the number of 
fragments and size of assembled DNA sequence using the no-erosion method, it was found 
that the constructed genes had errors within the sequence. Single errors in assembled 
sequences can be easily corrected using different technologies as described in Chapter 3, 
especially when long (>1 kb) assemblies are desired. A conclusive comparison between the 
two methods is discussed below. 
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Comparison between modified Gibson Assembly method and No-erosion assembly 
method 
The modified Gibson Assembly method involves three different DNA enzymes that 
are optimally mixed together to assemble double-stranded DNA fragments - a 5’ 
exonuclease, which shortens the 5’ end of DNA fragments and exposes a single-stranded 3’ 
overhang that can anneal to the other exposed DNA strands; a DNA polymerase that fills in 
the missing DNA nucleotides after two strand annealing to repair the gaps; and a DNA ligase 
that covalently repairs the nicks between two adjacent DNA fragments to make a single DNA 
molecule. In this method, the interior part of each DNA fragment is protected and thus, 
protected from mis-hybridizations. This method has also been used to assemble 
oligonucleotides without annealing to generate double-stranded full-length DNA. However, 
one of the major drawbacks is that the exonuclease activity cannot be precisely controlled, 
especially for 60-mer oligonucleotides. Thus, the enzyme can chew off more nucleotides than 
necessary to expose phosphate groups for polymerization and subsequent ligations. We have 
used the modified Gibson Assembly method to assemble a maximum of 45 dsDNA 
fragments into a 1254 bp gene. 
As the name suggests, in the no-erosion assembly method, the 5’ exonuclease is 
completely removed. All the oligonucleotides are mixed together followed by phosphate 
addition with a kinase enzyme. Thus, it is a single-stranded assembly method. The 
eradication of exonuclease is the major improvement over the Gibson Assembly method. 
These oligonucleotides further undergo slow annealing followed by ligation with a 
thermostable DNA ligase enzyme. In theory, this method is simpler and gives the user more 
precise control, especially if the purpose is to assemble double-stranded long DNA sequences 
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directly from oligonucleotides. We have used the no-erosion assembly method to assemble 
46 oligonucleotides into the same 1254 bp gene as with Gibson Assembly. As that was the 
maximum length of the assembled DNA sequence with the Gibson Assembly, we wanted to 
push the bar further with our new method. The no-erosion method has been used to assemble 
a maximum of 66 oligonucleotides into a 1685 bp DNA sequence, albeit with one base-pair 
error. 
Both methods have their own pros and cons, and it is up to the user to choose the 
assembly method for best results based on the parameters most important to their 
experiments.  
Conclusions from observation of gene duplication events and protein modeling in 
Argopecten irradians 
Gene duplication and subsequent functional divergence of opsins have played an 
important role in expanding photoreceptive capabilities of organisms by altering what 
wavelengths of light are preferentially absorbed by photoreceptors (spectral tuning). 
However, new opsin copies may also acquire new or subdivide ancestral functions through 
changes to temporal, spatial or the level of gene expression. As the first molecular 
characterization of scallop Gq-opsins, our study highlights how opsin duplication and 
diversification may not only affect the evolution of the visual system, but also non-visual 
photoreception. Sequence variation among the scallop Gq-opsins suggests different 
biochemical properties of the proteins, which may translate into differences in light 
absorption and/or G protein affinity. Changes to spatial pattern and level of gene expression 
are illustrative of transitions between broad non-visual photoreception and eye-specific 
expression indicating neofunctionalization after opsin-duplication. 
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It is important to extend the taxonomic sampling of intraspecific opsin diversity in 
non-arthropod invertebrates in the future to understand diversification and plasticity of Gq-
opsins. As such, molluscs are a rich system to study protein evolution, but have been 
underused due to a lack of basic information about their genic composition. Our work 
demonstrates the need for more studies looking at the visual evolution of molluscs to further 
their impact on the fields of molecular, sensory, and evolutionary biology. 
 
 5.1 FUTURE PROSPECTS 
 
It is noteworthy that the fundamental operational principle of evolution is selection of 
naturally occurring variation. Further, processes that select for variants in a test tube 
environment have proven extremely useful in developing molecular tools, diagnostics and 
therapeutics (i.e., aptamers via SELEX). Therefore, the introduction of variants during gene 
assembly, while not the goal of this research program, could be viewed as an interesting 
avenue for the rapid production of variation in genetic systems and may prove useful in 
developing, for example, new drugs and biotechnological tools. 
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APPENDIX A 
SUPPLEMENTARY INFORMATION FOR CHAPTER 2 
 
FASTA sequences of assembled genes 
1. Green fluorescent protein (GFP) gene 
>GFP  
ACTGGAGTTGTCCCAATTCTATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATT
CTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGG
TGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTC
CATGGCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTTTTCAAGATACCCAGAT
CATATGAAGCGGCACGACTTCTTCAAGAGCGCCATGCCTGAGGGATCTGTGCAGGAGAGGAC
CATCTTCTTCAAGGACGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAGGGAGACA
CCCTCGTCAACAGGATCGAGCTTAAGGGAATCGATTTCAAGGAGGACGGAAACATCCTCGGC
CACAAGTTGGAATACAACTACAACTCCCACAACGTATACATCATGGCAGACAAACAAAAGAA
TGGAATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAG
ACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTAC
CTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCT
TGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAATAA 
 
2. Kanamycin resistance gene 
 
>kanR 
CCGGAATTGCCAGCTGGGGCGCCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGAT
GGCTTTCTTGCCGCCAAGGATCTGATGGCGCAGGGGATCAAGCTCTGATCAAGAGACAGGAT
GAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTG
GAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTT
CCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGCAAGACCGACCTGTCCGGTGCCCTGAA
TGAACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAG
CTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGG
CAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAAT
GCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCA
TCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAG
CATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCGACGGCGA
GGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCT
TTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTG
GCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTA
CGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCT
GA 
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3. Tetracycline resistance gene 
>tetR 
TAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCACCGTGTATGAAATCTAACAATGC 
GCTCATCGTCATCCTCGGCACCGTCACCCTGGATGCTGTAGGCATAGGCTTGGTTATGCC 
GGTACTGCCGGGCCTCTTGCGGGATATCGTCCATTCCGACAGCATCGCCAGTCACTATGG 
CGTGCTGCTAGCGCTATATGCGTTGATGCAATTTCTATGCGCACCCGTTCTCGGAGCACT 
GTCCGACCGCTTTGGCCGCCGCCCAGTCCTGCTCGCTTCGCTACTTGGAGCCACTATCGA 
CTACGCGATCATGGCGACCACACCCGTCCTGTGGATCCTCTACGCCGGACGCATCGTGGC 
CGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGG 
GGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGC 
AGGCCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGC 
GGCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAA 
GGGAGAGCGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGC 
GCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGG 
ACAGGTGCCGGCAGCGCTCTGGGTCATTTTCGGCGAGGACCGCTTTCGCTGGAGCGCGAC 
GATGATCGGCCTGTCGCTTGCGGTATTCGGAATCTTGCACGCCCTCGCTCAAGCCTTCGT 
CACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATTATCGCCGGCATGGCGGC 
CGACGCGCTGGGCTACGTCTTGCTGGCGTTCGCGACGCGAGGCTGGATGGCCTTCCCCAT 
TATGATTCTTCTCGCTTCCGGCGGCATCGGGATGCCCGCGTTGCAGGCCATGCTGTCCAG 
GCAGGTAGATGACGACCATCAGGGACAGCTTCAAGGATCGCTCGCGGCTCTTACCAGCCT 
AACTTCGATCACTGGACCGCTGATCGTCACGGCGATTTATGCCGCCTCGGCGAGCACATG 
GAACGGGTTGGCATGGATTGTAGGCGCCGCCCTATACCTTGTCTGCCTCCCCGCGTTGCG 
TCGCGGTGCATGGAGCCGGGCCACCTCGACCTGA 
 
Designed DNA fragments 
 
1. GFP gene  
 
>GFP_0 
GGGCGAATTCACTGGAGTTGTCCCAATTCTATGAGTAAAGGAGAAGAACT 
>GFP_1 
ATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGA 
>GFP_2 
CCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAG 
>GFP_3 
GGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGA 
>GFP_4 
AAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCAC 
>GFP_5 
ACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCAC 
>GFP_6 
CCATGGCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCT 
>GFP_7 
CTCTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAGCGGCACGACTTCTT 
>GFP_8 
ATGAAGCGGCACGACTTCTTCAAGAGCGCCATGCCTGAGGGATC 
>GFP_8 
ATGAAGCGGCACGACTTCTTCAAGCTCTAGAGTCGACCTGCAGG 
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>GFP_9 
AGCGCCATGCCTGAGGGATCTGTGCAGGAGAGGACCATCT 
>GFP_10 
TGTGCAGGAGAGGACCATCTTCTTCAAGGACGACGGGAACTACAAG 
>GFP_11 
AGGACGACGGGAACTACAAGACACGTGCTGAAGTCAAGTT 
>GFP_12 
ACACGTGCTGAAGTCAAGTTTGAGGGAGACACCCTCGTCAACAGGATCGAGC 
>GFP_13 
CCTCGTCAACAGGATCGAGCTTAAGGGAATCGATTTCAAGG 
>GFP_14 
TAAGGGAATCGATTTCAAGGAGGACGGAAACATCCTCGGCCACAAGT 
>GFP_15 
AAACATCCTCGGCCACAAGTTGGAATACAACTACAACTCCCACAACGTATACATC 
>GFP_16 
ACTCCCACAACGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAG 
>GFP_17 
ACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACACAAC 
>GFP_18 
ACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCA 
>GFP_18 
ACTTCAAAATTAGACACAACATTGAAGATGGACTCTAGAGTCGACCTGCAGG 
>GFP_19 
AGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTC 
>GFP_20 
CAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTAC 
>GFP_21 
TTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCT 
>GFP_22 
CTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGACCA 
>GFP_23 
CCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTA 
>GFP_24 
TGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACA 
>GFP_25 
ACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAA 
>GFP_26 
GCATGGATGAACTATACAAATAAGGATCCTCTAGAGTCGACCT 
 
2. Kanamycin resistance gene  
 
>kanR_0 
ACTCAAGCTTCCGGAATTGCCAGCTGGGGCGCCCTCTGGTAAGGTTGGGAA 
>kanR_1 
CCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATG 
>kanR_2 
CCTGCAAAGTAAACTGGATGGCTTTCTTGCCGCCAAGGATCTGATGGCGCAGGGGATCAAGCTCTGAT 
>kanR_3 
GCAGGGGATCAAGCTCTGATCAAGAGACAGGATGAGGATCGT 
>kanR_4 
AGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGG 
>kanR_5 
ATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTC 
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>kanR_6 
CTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGG 
>kanR_7 
TGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCA 
>kanR_8 
CCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCA 
>kanR_9 
GCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAAGACGA 
>kanR_10 
CTGAATGAACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCT 
>kanR_11 
TGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGC 
>kanR_12 
CTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGC 
>kanR_13 
ATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCAT 
>kanR_14 
GCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCAT 
>kanR_15 
TGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCAT 
>kanR_16 
CACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGC 
>kanR_17 
GCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGG 
>kanR_18 
CTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCT 
>kanR_19 
GCCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGGA 
>kanR_20 
AGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCT 
>kanR_21 
CGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCC 
>kanR_22 
TATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGG 
>kanR_23 
TCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTA 
>kanR_24 
CTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCT 
>kanR_25 
CGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCT 
>kanR_26 
CGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCA 
>kanR_27 
CGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGAATTCGCCC 
 
3. Tetracycline resistance gene 
 
>tetR_0 
ACTCAAGCTTTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCACCGTGTATGAAATCTAACA 
>tetR_1 
ACCGTGTATGAAATCTAACAATGCGCTCATCGTCATCCTCGG 
>tetR_2 
GCGCTCATCGTCATCCTCGGCACCGTCACCCTGGATGCTG 
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>tetR_3 
CACCGTCACCCTGGATGCTGTAGGCATAGGCTTGGTTATGC 
>tetR_4 
AGGCATAGGCTTGGTTATGCCGGTACTGCCGGGCCTCTTGCGGGATATCGTCCATTCCGAC 
>tetR_5 
GGGATATCGTCCATTCCGACAGCATCGCCAGTCACTATGG 
>tetR_6 
AGCATCGCCAGTCACTATGGCGTGCTGCTAGCGCTATATGCGTTGATGCAA 
>tetR_7 
CGCTATATGCGTTGATGCAATTTCTATGCGCACCCGTTCTCGGAGCACTGTCC 
>tetR_8 
CCGTTCTCGGAGCACTGTCCGACCGCTTTGGCCGCCGCCCAGTCCTGCTCGCTT 
>tetR_9 
CCGCCCAGTCCTGCTCGCTTCGCTACTTGGAGCCACTATCGACTACGCGA 
>tetR_10 
AGCCACTATCGACTACGCGATCATGGCGACCACACCCGTCCTG 
>tetR_11 
TGGCGACCACACCCGTCCTGTGGATCCTCTACGCCGGACG 
>tetR_12 
TGGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCT 
>tetR_13 
GCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATC 
>tetR_14 
GCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCT 
>tetR_15 
CGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCAGGC 
>tetR_16 
GCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGC 
>tetR_17 
TGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGG 
>tetR_18 
GCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTCAAC 
>tetR_19 
CGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAG 
>tetR_20 
AGGAGTCGCATAAGGGAGAGCGTCGACCGATGCCCTTGAGAGCCTTCAACCC 
>tetR_21 
CCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCG 
>tetR_22 
AGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCG 
>tetR_23 
GGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCA 
>tetR_24 
ACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATT 
>tetR_25 
CGGCAGCGCTCTGGGTCATTTTCGGCGAGGACCGCTTTCGCTGGAGCGCGA 
>tetR_26 
CCGCTTTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTTGC 
>tetR_27 
ATGATCGGCCTGTCGCTTGCGGTATTCGGAATCTTGCACG 
>tetR_28 
GGTATTCGGAATCTTGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCC 
>tetR_29 
CAAGCCTTCGTCACTGGTCCCGCCACCAAACGTTTCGGCGA 
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>tetR_30 
GCCACCAAACGTTTCGGCGAGAAGCAGGCCATTATCGCCGGC 
>tetR_31 
AGCAGGCCATTATCGCCGGCATGGCGGCCGACGCGCTGGGCTACGTCTTG 
>tetR_32 
ACGCGCTGGGCTACGTCTTGCTGGCGTTCGCGACGCGAGGCTGGATGGCCTT 
>tetR_33 
ACGCGAGGCTGGATGGCCTTCCCCATTATGATTCTTCTCG 
>tetR_34 
CCCCATTATGATTCTTCTCGCTTCCGGCGGCATCGGGATGCCCGCGT 
>tetR_35 
CGGCATCGGGATGCCCGCGTTGCAGGCCATGCTGTCCAGGCAGGT 
>tetR_36 
GCCATGCTGTCCAGGCAGGTAGATGACGACCATCAGGGACAG 
>tetR_37 
ATGACGACCATCAGGGACAGCTTCAAGGATCGCTCGCGGCTCTTACCAGC 
>tetR_38 
CGCTCGCGGCTCTTACCAGCCTAACTTCGATCACTGGACC 
>tetR_39 
CTAACTTCGATCACTGGACCGCTGATCGTCACGGCGATTTATGCC 
>tetR_40 
TCGTCACGGCGATTTATGCCGCCTCGGCGAGCACATGGAACGGGTTGGC 
>tetR_41 
AGCACATGGAACGGGTTGGCATGGATTGTAGGCGCCGCCC 
>tetR_42 
ATGGATTGTAGGCGCCGCCCTATACCTTGTCTGCCTCCCCG 
>tetR_43 
ATACCTTGTCTGCCTCCCCGCGTTGCGTCGCGGTGCATGGAGCCGGG 
>tetR_44 
TCGCGGTGCATGGAGCCGGGCCACCTCGACCTGAGAATTCGCCC 
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Gel image of gene assembly replicates 
 
 
 
 
Figure A.1. GFP and KanR gene assembly replicates. Lanes 1 and 2 show the assembled GFP gene at 755 bp 
length, Lanes 3 and 4 show assembled KanR gene at 953 bp length; Lane 5 shows the 100 bp DNA ladder 
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APPENDIX B 
SUPPLEMENTARY INFORMATION FOR CHAPTER 3 
Gel images for multiple attempts of gene assemblies 
 
 
Figure B.1. TetR gene assembly replicates. Lanes 1, 2 and 3 show assembled TetR gene (at varying number 
of PCR cycles) at 1254 bp length; Lane 4 shows the 100 bp DNA ladder 
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Figure B.2. FexA gene assembly replicates. Lanes 1 and 3 show failed assembly of FexA gene using 2-step 
PCR, Lanes 2 and 4 show successful assembly of FexA gene following 3-step PCR at 1420 bp length; Lane 5 
shows the 100 bp DNA ladder 
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Figure B.3. Ladder Set 1 and Set 2 assembly replicates. Lanes 1 and 3 show assembled Ladder Set 1 bands at 
1560 bp, Lanes 2 and 4 show assembled Ladder Set 2 bands at 1685 bp length, Lane 5 shows failed assembly of 
128 oligonucleotides into complete ladder 
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Error assessment of assembled genes 
 
1. TetR gene 
 
Based on the analysis of errors in TetR gene assemblies, the error rate is determined 
to be 1 error/kb of DNA sequence. A detailed table with the types of mutations, their 
corresponding positions and length of oligonucleotides is shown below. 
 
Table B.1. Error assessment of sequenced TetR gene assemblies 
 
Seq ID 
No. of 
errors 
Error 
location Type of error  
Corresponding 
oligonucleotide 
 
Length of 
oligonucleotide 
(bp) 
    
 
      
TetXL2 2 637 Deletion - C base 
Near the right end of 
tetR_11_F 62  
    625 Deletion - G base 
Right junction area of 
tetR_11_F 62  
            
TetXL4 1 128 
Substitution - C to T 
base 
Right junction area of 
tetR_2_F 56  
            
TetBl1 5 1065 Insertion - C base 
Left junction area of 
tetR_20_F 45  
    1052 Deletion - C base 
Right junction area of 
tetR_19_F 52  
    1026 Deletion - T base 
Near the center of 
tetR_19_F 52  
    1006 Deletion - G base Right end of tetR_18_F 52  
    808 
Substitution - C to T 
base Left end of tetR_15_F 49  
            
TetBl2 2 1116 Deletion - T base Left junction of tetR_21_F 70  
    1017 Deletion - C base Left junction of tetR_19_F 52  
            
TetBl4 1 311 Deletion - A base Right junction of TetR_3_F 51  
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2. FexA gene 
 
Based on the analysis of errors in FexA gene assemblies, the error rate is determined 
to be 1.4 error/kb of DNA sequence. A detailed table with the types of mutations, their 
corresponding positions and length of oligonucleotides is shown below. 
 
Table B.2. Errors assessment of sequenced FexA gene assemblies 
 
Seq ID No. of errors 
Error 
location Type of error  
Corresponding 
oligonucleotide and 
length 
Length of 
oligonucleotide 
(bp) 
            
Fex4_R1 2 783, 784 Deletion - TG bases Left end of fexA_15_F  52 
            
Fex3_U 3 1021 Deletion - G base Center of fexA_19_F 48 
    786,787 Deletion - AC bases 
Left junction of 
fexA_15_F 52 
    806 Deletion - C base 
Right junction of 
fexA_15_F 52 
            
FexA2_R1 1 488 Deletion - T base Right end of fexA_8_F   
100 nt 
missing   
 
      
            
FP1_R1 -         
FP1_U 2 1229, 1230 Deletion - TC bases 
Left junction of 
fexA_23_F 64 
            
Fex2_R1 -         
Fex2_U 1 484 
Substitution - C to 
T base Right end of fexA_8_F 56 
            
Fex1_R1 
partial 
assemblies 
 
      
FexA3   
 
      
FexA4   
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3. Ladder Set 1  
 
Based on the analysis of errors in Ladder Set 1 assemblies, the error rate is 
determined to be 1.8 error/kb of DNA sequence. A detailed table with the types of mutations 
and their corresponding positions is shown below. All oligonucleotides are equal in length at 
50 bp. 
Table B.3. Errors assessment of sequenced Ladder Set 1 assemblies 
 
ID_sequencingprimer 
No. of 
errors 
Error 
location Type of error  
Corresponding 
oligonucleotide 
          
A05_R1 1 819 Deletion - C base Left end of F_32_33 
    
 
    
A05_U 2 1401 Insertion - G base 
Right junction of 
F_54_55 
    1147 Deletion - G base 
Left junction of 
F_36_37 
          
A07_R1 2 986 Substitution - A to G base Center of F_38_39 
    1008 Deletion - G base Right end of F_38_39 
    
 
    
A07_U 3 1478 Substitution - C base Center of F_58_59 
    1217 Substitution - C to T base Left end of F_48_49 
    1137 Deletion - T base 
Left junction of 
F_56_57 
          
B08_R1 -       
    
 
    
B08_U 4 661 Deletion - A base Left end of F_26_27 
    669 Deletion - G base 
Left junction of 
F_26_27 
    670 Deletion - C base 
Left junction of 
F_26_27 
    775 Deletion - A base 
Left junction of 
F_30_31 
          
A12_R1 -       
    
 
    
A12_U 1 551 Deletion - G base 
Right junction of 
F_20_21 
          
C01_R1 -       
    
 
    
C01_U 3 16,17,18 Deletion - C bases 
Left junction of 
F_1_2 
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D01_R1 1 887 Deletion - C base 
Right junction of 
F_34_35 
    
 
    
D01_U - 
 
    
 
        
 
 
 
4. Ladder Set 2 
 
Based on the analysis of errors in Ladder Set 2 assemblies, the error rate is 
determined to be 1.6 error/kb of DNA sequence. A detailed table with the types of mutations 
and their corresponding positions is shown below. All oligonucleotides are equal in length at 
50 bp. 
 
Table B.4. Errors assessment of sequenced Ladder Set 2 assemblies 
 
ID_sequencingprimer 
No. of 
errors Error location Type of error  
Corresponding 
oligonucleotide 
          
F02_R1 2 517 Deletion - T base Left junction of F_82_83 
    667 Substitution - A to C base Left junction of F_88_89 
          
F02_U 3 1476 Substitution - T to C base Center of F_120_121 
    1073, 1074 Substitution - AT to TA Left end of F_76_77 
          
F12_R1 1 1301 Substitution - G to A base Right end of F_94_95 
          
F12_U 2 336 Substitution - G to A base Right junction of F_74_75 
    350 Substitution - C to T base Right end of F_74_75 
          
H2_R1 -       
          
H2_U 2 1585 Substitution - A to G base Left end of F_84_85 
    1475 Substitution - C to T base Center of F_120_121 
          
H8_R1 -       
          
H8_U 1 1406 Deletion - G base Left end of F_118_119 
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Figure B.4. Line plot depicting relationship between oligonucleotide length and corresponding number of 
error occurrences. Very few errors are found in oligonucleotides < 50 bp but the error occurrences rise with 
increase in length with a peak in oligonucleotides with 50 – 55 bp length implying a higher error rate in mid 
length oligonucleotides. 
 
Specifically, some oligonucleotides of length 52 bp in both genes (tetR_19_F, 
fexA_15_F) were found to have multiple errors throughout the sequence indicating 
particularly faulty synthesis. Similarly, in the Ladder Set 1 (F_26_27) and Set 2 assemblies 
(F_74_75), it was found that these oligonucleotides have more than one errors after sequence 
analysis, emphasizing that they may have arisen due to imperfect synthesis of that particular 
oligonucleotides.  
